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Preface

As the most important skeletal component in plants and also a substance
produced by certain bacteria, polysaccharide cellulose is an almost inex-
haustible polymeric raw material with a fascinating structure and interest-
ing properties. The fusion of both carbohydrate and polymer chemistry in
a macromolecule biosynthetically composed of repeating glucose units gener-
ates surprising specificity and impressively diverse supramolecular/morpho-
logical structures, reactivities, and functions.

Since the discovery of cellulose by Anselme Payen in 1838, the start of large-
scale cellulose ester, ether, and fiber production (which started more than 100
years ago), and the extensive scientific investigations of cellulose by Hermann
Staudinger in 1920, cellulose research and product development have been
redefined by the increasingly more significant impact of such work.

During the past 5–10 years a considerable increase in knowledge of the struc-
ture, chemistry, and processing of cellulose, as well as development of innova-
tive cellulose products, has been observed. New frontiers involve sophisticated
methods of structural analysis, environmentally safe cellulose-fiber technolo-
gies, as well as progressive work with bacterial nanocellulose, (bio)materials,
and a broad spectrum of cellulose composites.

Associated with this trend, related polysaccharides like hemicelluloses, dex-
tran, chitin, and starch have also attracted growing interest.

Illustrative examples of this exciting evolution are presented in five selected
contributions from international experts in their fields in this special volume
titled Polysaccharides II within the series Advances in Polymer Science. This
serves as a follow-up to Polysaccharides I (vol. 186). The comprehensive re-
views stem from the authors’ own research experience and demonstrate clearly
the latest scientific results and their practical applications as well as the inter-
disciplinary character of the subject and its importance to polymer science.

The first chapter, written by Antje Potthast, Thomas Rosenau, and Paul
Kosma, summarizes the state of the art of the reliable and sophisticated anal-
ysis of oxidized functionalities in cellulose. The carbonyl and carboxyl groups
in question are generated as alien structure units by pulping, bleaching, irra-
diation, and aging processes. The combination of group-selective fluorescence
labeling with GPC and its application for monitoring oxidative processes of
cellulose production and handling are pointed out.



X Preface

The second chapter by Dieter Klemm, Dieter Schumann, Hans-Peter
Schmauder, and coworkers focuses on the recent knowledge of cellulosics
characterized by a property-determining supramolecular nanofiber structure.
Topics in this interdisciplinary contribution are the types of nanocelluloses and
their use in technical membranes and composites as well as in the development
of medical devices, in veterinary medicine, and in cosmetics.

The material functionalization of cellulose and related polysaccharides via
different types of microcompositions is the subject of the following chapter
written by Yoshiyuki Nishio.

In the fourth chapter, Thomas Rosenau, Antje Potthast, and Paul Kosma
describe current investigations on reactive intermediates and reaction mech-
anisms in cellulose chemistry. The chemical modification and regeneration of
cellulose requires its activation and/or dissolution in media like sodium lye,
N-methylmorpholine-N-oxide (NMMO), N, N-dimethylacetamide (DMAc), or
in carbanilation mixtures containing dimethylsulfoxide (DMSO). In these me-
dia – very important for research and large-scale processes – the trapping and
characterization of the intermediates has been carried out.

The final chapter by Thomas Heinze, Tim Liebert, Brigitte Heublein, and
Stephanie Hornung represents the important interaction of cellulose research
and development with other related polysaccharides. The authors describe the
sources, structure, properties, and applications of dextran and functionalized
dextranes including their use as bioactive materials.

We hope that this volume will not only become an important reference for
those in the cellulose and polysaccharide field, but also serve as source of in-
formation and motivation for the readers from the entire polymer community.

Jena, August 2006 Dieter Klemm
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Abstract This review gives an overview on oxidized functionalities in celluloses, i.e., car-
bonyl and carboxyl groups, with regard to their chemical structure, the different ways
of introduction, and their analytics. Starting from different processes introducing oxida-
tive modifications into celluloses a survey on the chemical nature of these functionalities
is given and analytical approaches towards their determination are discussed. Special
emphasis is placed on recent developments which combine group-selective fluorescence
labeling with multi-detector GPC analysis to provide carbonyl and carboxyl group profiles
according to the CCOA and FDAM method, respectively. Examples of monitoring the ox-
idation state of celluloses and its changes during processing stages are given, for example
bleaching, aging, dissolution or irradiation procedures.

Keywords CCOA method · Cellulose · Carbonyl groups · Carboxyl groups ·
FDAM method · Fluorescence labeling · GPC

Abbreviations
ADAM 9-Anthryldiazomethane
AGU Anhydroglucose unit
CCOA Carbazole-9-carboxylic acid [2-(2-aminooxy-ethoxy)ethoxy]amide
DAM-MC 4-Diazomethyl-7-methoxycoumarine
Dansyl 5-(Dimethylamino)-1-naphthalenesulfonic acid
DMAc N,N-Dimethylacetamide
DP Degree of polymerization
DS Degree of substitution
DSCO Degree of substitution of carbonyl groups
DSCOOH Degree of substitution of carboxyl groups
ECF Elemental chlorine free
FAD Flavin adenine dinucleotide
FDAM 9H-Fluoren-2-yl-diazomethane
GPC Gel permeation chromatography
HexA Hexenuronic acid
Lyocell Fiber production process based on direct dissolution of cellulose in NMMO
MALLS Multi-angle laser light scattering
Mn Number average molecular weight
Mw Weight average molecular weight
MW Molecular weight
MWD Molecular weight distribution
NMM N-Methylmorpholine
NMMO N-Methylmorpholine N-oxide
P Peroxide bleaching stage
PDAM 1-Pyrenyl-diazomethane
PHK Prehydrolysis kraft pulp
PDI Polydispersity index
REG Reducing end group(s)
TEMPO 2,2,6,6-Tetramethylpiperidine-1-oxyl
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TCF Totally chlorine free
TMP Thermo-mechanical pulp
TOF-SIMS Time-of-flight secondary ion mass spectrometry
TTC 2,3,5-Triphenyltetrazolium chloride
Z Ozone bleaching stage

1
Oxidized Groups in Cellulose

1.1
A Survey of Oxidative Modifications

Cellulose as synthesized by nature can be considered a quite perfect molecule:
anhydroglucose units (AGU) are connected by β-1,4-glycosidic linkages re-
sulting in a homopolymer with three hydroxyl groups per AGU and a termi-
nal aldehyde masked as hemiacetal at the reducing end. While such cellulose
synthesized in vitro or in vivo represents the ideal polymer molecule in terms
of chemical purity, processing steps, such as isolation and purification, as well
as natural conditions, such as exposure to environmental stress and aging, are
factors for the introduction of additional oxidized functionalities.

Due to the 3 hydroxyl groups available for oxidation within one anhy-
droglucose unit and due to the polymeric character of the cellulose a great
variety of structural modifications and combinations is possible. As with
other types of chemical changes at the cellulose molecule also in this case the
oxidation can affect different structural levels differently. Depending on the
oxidative stress imposed on the cellulose, the individual hydroxyls within the
AGU and within the polymer chain are involved to varying extent and may re-
spond to further treatment and reactions in a specific way. Despite their low
concentration in the µmol/g range, oxidative functionalities are one of the
prime factors to determine macroscopic properties and chemical behavior of
cellulosic materials (Fig. 1).

The main causes for the formation of carbonyl and carboxyl groups in cel-
lulose are isolation and purification procedures besides natural aging. This
applies in particular to cellulosic pulps from wood, which has undergone
a number of processing steps to be freed from lignin, hemicelluloses, and
extractives.

Although we are far away from being able to fully analyze an oxidized
cellulose with all these different possibilities of oxidative modifications with
regard to their type and exact location, cellulose chemists have taken ma-
jor steps towards developing methodology to address those problems. Major
obstacles on the way to a comprehensive analysis of oxidized functionalities
are certainly the low concentration of these structures in cellulosic materials,
the characterization of their position within the molecular weight distribu-
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Fig. 1 Possible effects of carbonyl and carboxyl groups on macroscopic properties of cel-
lulose

tion (MWD), and the problems generally faced in analytics of celluloses, such
as limited solubility, the polymeric character, morphological structure and
limited accessibility.

This review summarizes the generation, nature and determination of oxi-
dized structures in celluloses as well as recent developments in their analytics.

1.1.1
Pulping

The first process to bring about oxidative changes onto cellulose is pulping.
In acidic sulfite pulping, generally a larger number of carbonyl groups is in-
troduced as compared to prehydrolysis kraft pulping. In celluloses from kraft
pulping procedures, most carbonyls actually originate from the hemicellulose
fraction. The alkaline conditions of kraft pulping favor a more narrow dis-
tribution of the molecular weight as well as the dissolution of low molecular
weight material, which has a high relative carbonyl content. During sulfite
pulping, hydrolysis of cellulose and hence the generation of more reducing
end groups (REG) is promoted. Aldonic acids as final oxidation products have
been isolated from sulfite cooking liquors [1]. If paper pulps are considered
the situation is mainly influenced by the content of hemicelluloses, which per
se contain a larger number of carbonyls due to the smaller molecular weight
and a higher number of carboxyl groups due to the side chain uronic acids.
While the oxidation of reducing ends of dissolved monomers and oligomers
from hemicellulose and cellulose during sulfite pulping is rather pronounced,
the oxidation of the reducing end of the non-dissolved remaining cellulose
was found to be rather small. However, pulping with bisulfite, having a higher
process pH, favors the oxidation of the REG to the corresponding aldonic
acids [2]. After alkaline pulping, metasaccharinic and gluconic acid residues
are typical carboxyl groups in cellulose [3]. Metasaccharinic acid is the final
product of the stopping reaction after alkali-induced peeling and rearrange-
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ment reactions. Under alkaline conditions, gluconic acid carboxyl groups are
crucial with regard to cellulose stabilization, since they hamper degradation
by the peeling process.

1.1.2
Bleaching

Bleaching of pulp represents the main origin of additional carbonyl groups in
cellulose. While pulping proceeds in the absence of strong oxidants, oxidiz-
ing agents are deliberately used in bleaching to achieve the desired brightness
effect.

Chlorine dioxide (D stage) is considered rather selective for lignin moi-
eties. Cellulose integrity is not affected to a large extent [4]. Chlorine dioxide
primarily reacts with the reducing end groups of carbohydrates converting
them to carboxylic acids. However, depending on the pH other chlorine-
containing species are formed, e.g., hypochlorous acid and chlorate. In that
respect, also effects of those oxidants have to be considered. Hypochlorite
formerly used directly as H stage is being phased out mainly due to en-
vironmental concerns. If HOCl is present in a pH range between 2 and 8,
considerable amounts of carbonyls are introduced into cellulose, whereas
under alkaline conditions chiefly carboxyl groups are formed. An H stage in
all pH ranges is accompanied by a decrease in the molecular weight, which
depends linearly on the oxidative damage done, i.e., on the carbonyls cre-
ated, but not on the pH, as proposed by Lewin and Epstein [5]. The oxidation
potential and selectivity in hypochlorite stages is strongly governed by the
conditions chosen [6, 7], as the active species depend on the pH: in acidic so-
lution the equilibrium between free halogen and hypohalous acid is shifted
to the side of free halogen, whereas under alkaline conditions the hypohalous
acid is the effective and also more selective species. In the pH range between 2
and 8, where hydroxyl groups are predominantly oxidized to keto and alde-
hyde groups, the drop in DP is most severe, whereas the oxidative power of
hypohalite at a higher pH is merely sufficient to oxidize aldehyde groups to
the corresponding acids, leaving the DP largely unaltered.

The oxygen-based bleaching chemicals of TCF bleaching sequences exhibit
a lower selectivity towards lignin and residual chromophores so that oxida-
tive damage involves also the carbohydrates. In particular, the heavy metal
management during pulping becomes an important issue, since a number
of very reactive radical species, such as hydroxyl and hydroperoxyl radicals,
are formed in the presence of the bleaching agents and transition metal
ions (Fenton and Haber–Weiss cycles). Other sources of radicals are dispro-
portionation reactions under alkaline conditions, which applies especially
to hydrogen peroxide, secondary radical formation in homolytic reactions
and autoxidation. Gierer [8] and Gratzl [9] state the generation of different
oxygen-derived radical species in all TCF sequences as the main cause of the
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limited selectivity. According to Chirat and Lachenal the poor selectivity of
ozone is mainly due to the oxidant ozone itself [10].

Keto groups are introduced during an ozone (Z) stage [11, 12]. Besides the
action of hydroxyl radicals, which can be generated in an ozone stage either
by slow decomposition of ozone in water or be triggered in the presence of
metal ions, also an ionic pathway by the common 1,3-insertion mechanism
of ozone has been proposed [13, 14], leading to the eventual formation of
lactones.

Such processes are always accompanied by a DP loss, either by elec-
trophilic attack of ozone, by an ozone-catalyzed cleavage of the glycosidic
bond or by attack of secondary radical species [15]. Residual lignin also plays
a crucial role in ozone bleaching. Model studies showed that lignin with free
phenolic hydroxyl groups accelerated carbohydrate oxidation, probably by ac-
tivation of oxygen via phenoxyl radicals, whereas etherified phenolic model
compounds had a protective effect [16, 17].

During a hydrogen peroxide (P) stage, basically the same applies as for an
ozone stage, if radicals are present and their subsequent reactions are allowed
to proceed. In their absence, however, a P stage introduces predominant-
ly keto groups, which neither cause a pronounced DP loss nor a decreased
brightness. Hence, the keto groups were thought to be generated at position
C3. Even though chain scission can occur also in this case, a non-reducing
chain and a diketo derivative, subsequently leading to a stable saccharinic
acid derivative, are formed [18, 19]. A peroxide stage followed by alkaline ex-
traction (E) significantly reduces the total amount of carbonyl groups, leading
to a pronounced brightness stability. One reason for this is also the removal
of 2,3-diketo structures by reaction with the hydroperoxide anion (HOO–),
which can add to keto and enone structures as well. The formed acids are then
extracted within the E stage.

During an alkaline oxygen stage the formation of keto structures by oxi-
dation of ketols is postulated, finally leading to acids. Sodium permanganate
treatments yield a moderate increase in both, carbonyls and carboxyl groups
at short reaction times [20].

In ECF and TCF bleaching the same reactions that lead to the formation
of carbonyl groups can also account for the generation of carboxyl groups,
especially if radical species are involved.

1.1.3
Irradiation

High energy radiation, for instance γ -irradiation or β-irradiation (electron
beaming), causes a considerable increase in carbonyl groups, mainly through
the action of radical species being generated. Both procedures are accompa-
nied by a DP loss, which can be used to adjust the molecular weight of the
cellulose prior to utilization in the viscose process [21]. The number of car-
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bonyls introduced by high energy electron beams is directly correlated with
the applied dosage [22]. e-Beaming is also considered as a means for cellu-
lose activation, since the radiation can enter also highly ordered regions in
cellulose, changing the morphology for subsequent reactions in a favorable
way [21]. Also γ -irradiation shows a linear relationship between dose and
carbonyl content [23]. The presence of lignin during γ -irradiation does not
prevent cellulose degradation [24].

1.1.4
Aging Processes

The presence of oxygen, often also in the presence of light, causes a num-
ber of autoxidative reactions to proceed. Accelerated aging linearly increases
with the partial pressure of oxygen [25]. Once the process has started, radical
reactions come into play that finally result in the formation of hydroperoxyl
structures [26, 27], which in turn can activate oxygen to generate very reac-
tive radical species, such as hydroxyl or hydroperoxyl radicals. These radicals
react with cellulose under H-atom abstraction, finally leading to formation
of carbonyl or carboxyl groups, to chain cleavage, and thus also to a loss in
DP and fiber strength. Additional factors triggering oxidation reactions dur-
ing aging are transition metal ions, especially iron and copper from writing
and painting media, chromophores that serve as activators, as well as elevated
temperature, air pollutants and light. Light-induced processes have been ex-
tensively studied on high-yield pulps containing considerable amounts of
lignin [28–30], but have recently also been investigated in the case of fully
bleached pulp samples [31].

Natural aging, as experienced in historic documents, drawings and cel-
lulosic fabrics is thought to be caused by two major parallel processes, hy-
drolytic cleavage [32–34] of the glycosidic bond by acid of various origins and
oxidation [35–37], triggered by external factors such as metal ions, air, light,
or pollutants. While the hydrolytic pathway is well investigated [35], fewer
studies report on the oxidation reactions [38].

Thermo- and photo-oxidative degradation in the context of paper conser-
vation science was lately summarized and investigated [39]. Methylene blue
dyeing was used to investigate reactions occurring at wet-dry interfaces [40].
Investigation on different pulps has shown that there is indeed an influence
of carbonyl groups during the aging of alkaline pulps [41]. Reactions occur-
ring under alkaline conditions in aged papers as they are deliberately induced
during deacidification treatments are increasingly addressed [42].
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1.2
Carbonyl Groups in Cellulose

1.2.1
The Reducing End Group (REG)

The reducing end groups in cellulose are the only naturally occurring car-
bonyl functionalities in this material. Cellulose from Acetobacter xylinum [43]
contains an amount of carbonyl groups which corresponds approximately to
the number of reducing end groups, and can be considered as rather genuine
material.

The reducing ends are the starting points for the well-known peeling re-
action. The conditions for the peeling to proceed require alkaline media and
a free 2-OH group. In case of a substituted hydroxyl at C2, as it occurs for
instance in hemicelluloses, the peeling rate is drastically reduced.

Reducing end groups can be readily further oxidized to the corresponding
aldonic acids.

The reducing ends are very likely to be present as hemiacetals in pyranose
units, but only to a small extent as aldehydes and aldehyde hydrates [44].

1.2.2
2,3-Dialdehyde Structures

Oxidation with periodate under acidic conditions, the Malaprade reaction,
is mainly used to introduce a large number of aldehydes into cellulose [45].
Whether a similar reaction proceeds also under conditions of natural or
accelerated aging conditions has not been clarified, but corresponding pro-
cesses have been postulated to occur [46]. The oxidized groups introduced
are either used to further functionalize the cellulose, e.g., by reaction with

Scheme 1 β-Elimination starting from C2,C3-dialdehyde structures in cellulose [93]
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substituted amino functionalities, oxidation to the corresponding acids, or
reduction. All of those procedures significantly change the properties of the
cellulose.

The oxidation proceeds predominantly at C2 and C3 under aldehyde for-
mation, with concomitant ring opening cleavage between the C2–C3 bond.
The periodate oxidation is accompanied by a decrease in crystallinity [47, 48].
Kim et al. [49] investigated the influence of this oxidation in the crystalline
domains. Besides the decrease in crystallinity an uneven distribution of alde-
hyde groups was shown by gold labeling. From this result, it was proposed
that the oxidation proceeds highly heterogeneously, forming isolated oxi-
dized domains. The mechanism for β-elimination at 2,3-dialdehyde celluloses
under alkaline conditions is shown in Scheme 1.

1.2.3
6-Aldehyde Structures

Celluloses oxidized to an aldehyde at C6 are found for instance as interme-
diates of the TEMPO oxidation [50]. Depending on the reaction conditions
a large number of such groups may survive in the final products, the poly-
glucuronic acids, and also in partially TEMPO-oxidized pulps materials it
is highly likely that a large number of carbonyl groups are present as C6-
aldehyde.

Cellulose can be oxidized to different degrees of C6-aldehyde content by
photolysis of the 6-azido-6-deoxy derivatives [51]. The β-elimination reaction
of the 6-aldehyde (Scheme 2) may lead to terminal double bonds exhibiting
a UV absorption (λmax = 250 nm) [52, 53]. With model C6-aldehyde cellu-
loses, β-elimination started at 30 ◦C at pH 9; at elevated temperatures (80 ◦C)
β-elimination was detected already at very low pH levels (pH 3.5). Similar re-
sults were obtained with HOCl-oxidized pulps, with β-elimination starting at
room temperature at pH 8.5 (unpublished results).

Scheme 2 β-Elimination starting from C6-aldehyde structures in cellulose

1.2.4
Keto Groups

Keto groups can be introduced at position C2 or C3, and they may be present
also as 2,3-diketo structures. According to keto-enol tautomerism the po-
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sition of such carbonyls may fluctuate (Scheme 3). Their reaction products
formed under alkaline conditions differ significantly depending on the ori-
ginal position of the keto group.

While a keto group at C2 leads to the generation of a new reducing end
group (Scheme 4) and this way at least to a starting point for further peel-
ing reactions, a keto at position C3 is considered a more innocent carbonyl
function [18]. Also in this case the cellulose chain will be cleaved, how-
ever, the resulting fragments contain a novel non-reducing end group and an
acid formed by rearrangement (Scheme 5). Both structures can be considered
rather stable in subsequent reactions.

Scheme 3 Keto-enol tautomerism at carbonyl moieties in cellulose

Scheme 4 Cleavage of the glycosidic bond by β-elimination starting from C2-keto struc-
tures along the cellulose chain

Scheme 5 Cleavage of the glycosidic bond by β-elimination starting from C3-keto struc-
tures along the cellulose chain
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Fig. 2 Effect of alkaline conditions on oxidized cotton linters. Left: Changes in Mw (error
bars 5%). Right: Changes in carbonyl groups (error bars 2%)

How β-elimination reactions and subsequent processes under alkaline
conditions affect the carbonyl groups and the Mw of an oxidized cotton lin-
ters is shown in Fig. 2. The initial concentration of carbonyls is 30 µmol/g,
introduced by hypochlorite treatment at pH 7. The sample was treated with
a buffer solution of pH 11 at 40 ◦C. The Mw suffers a steep decrease within
the first 5 hours, the drop in carbonyls proceeds at a significantly lower rate.
While the changes in Mw level off after approx. 20 hours of treatment, the
carbonyl groups are slightly decreasing further (unpublished results).

1.2.5
The Nature of Carbonyls in Cellulose

Carbonyl groups are not always present in their usual “double-bond” form,
but also exist as the tautomeric enols or as hydrates upon addition of wa-
ter, which was demonstrated by means of differently oxidized carbohydrate
model compounds by NMR [102] (Scheme 6). A recent study revealed a much
higher percentage of hydrated aldehyde groups compared to the pure acyclic
form for all aldohexoses in water [44].

The hydration/(hemi)acetalization state of aldehyde and keto groups in
celluloses is largely unknown. Non-conjugated carbonyl structures generally
absorb in the near UV, around 270–280 nm, for aldehyde and keto groups.
Even though high degrees of oxidation can be obtained, e.g., by periodate oxi-
dation, the carbonyl groups can hardly be detected by spectroscopic methods
such as FTIR spectroscopy [54], likely due to hydration and acetalization ef-
fects. Severe drying down to 7% relative humidity and high temperatures
eventually increased the C= O vibrations [55, 56], which indicated a large
extent of hydration of the carbonyl groups in these substrates. Other explana-
tions are strong cross-linking by the formation of hemicaetals with neighbor-
ing hydroxyl groups. Such intra-molecular and inter-molecular cross-linking
has been postulated [57], but only be proven indirectly by changes in macro-
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Scheme 6 Examples of the equilibrium between keto and hydrate forms in aqueous solu-
tion, including the respective 13C NMR shifts of the carbonyl/hydrate atoms. Glucose data
from [44]

scopic properties, e.g., solubilities. The interchange between hydrated car-
bonyls and those present in the sp2-hybridized form can be investigated
combining the CCOA method (see next chapter) and the resonance Raman
technique. While the CCOA method detects all carbonyl groups indepen-
dent of hydration or hemiacetalization/hemiketalization, resonance Raman
records only sp2-hybridized carbonyl groups. It was demonstrated, that car-
bonyl functions in cellulose are present to a large extent as hydrates and/or
hemiacetals/hemiketals in addition to their free, double-bonded form [58].

1.3
Carboxyl Groups in Cellulose

Only second to carbonyl groups, carboxyls are a very important oxidized
function in celluloses (Scheme 7). Whereas hemicelluloses inherently contain
a high number of different acid groups, carboxyl groups in cellulose are artifi-

Scheme 7 Examples of different carboxyl structures in cellulose
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cially introduced by pulping and bleaching processes. The primary positions
for oxidative attack are the reducing end groups, which are oxidized to the
corresponding gluconic acid end groups. Oxidation at the primary C6 hy-
droxyl group leads to glucuronic moieties. The pyran ring structure of an
AGU and the integrity of the cellulose may be destroyed by cleavage at the
ring-oxygen or by formation of acids at C2 and/or C3 (Scheme 7).

1.3.1
Gluconic Acids

Oxidation of the reducing end group leads to the corresponding gluconic acid.
Since the REG is the starting point for the peeling process under alkaline
conditions, an oxidation represents a stabilization of the polymer chain. Es-
pecially under kraft pulping conditions additives or modifications aimed at
improving the process yield often involve the oxidation of the REG (e.g., poly-
sulfide, AHQ) [59].

Scheme 8 Formation of acidic residues, stopping the peeling process of cellulose under
alkaline conditions
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As a result of the peeling/stopping process, metasaccharinic acid end
groups formed by the Cannizzaro reaction, or 2-hydroxy-2-methyl-3-alkoxy-
propanoic acid residues are generated (Scheme 8) [60].

1.3.2
Glucuronic Acids

Depending on the type and the origin of the pulp a major source for
glucuronic acids are the hemicelluloses. The glucuronoxylans of hardwoods
and the (arabino)glucuronoxylans of softwoods contain α-d-glucuronic acids
and/or their 4-O-methyl derivatives attached to position C2 of the xylan
backbone [61]. Chemical generation of uronic acids in cellulose can be ac-
complished by TEMPO oxidation [62], or, less selectively, by nitrogen oxide
treatments [63, 64].

Also under conditions of ozone bleaching, further oxidation of 6-aldehyde
cellulose to glucuronic acids proceeds. Decarboxylation of the resulting C6-
carboxyl group is made responsible for CO2 formation and DP loss during
this process [4, 14] (Scheme 9).

Scheme 9 Decarboxylation of acids under the conditions of ozone bleaching

1.3.3
Hexenuronic Acids

Hexenuronic acid (i.e., 4-deoxy-l-threo-hex-4-enopyranosyl-uronic acid) is
formed under alkaline conditions by elimination of methanol from side chain
residues in xylans [65] (Scheme 10). The reaction is promoted by both increas-
ing alkali concentration and temperature [66, 67]. After kraft pulping, only

Scheme 10 Formation of HexA residues from xylan under alkaline conditions and degra-
dation to furan products in acidic media
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about 12% of the remaining carboxyl groups in accessible xylan are still of the
4-O-methylglucurono type [68]. Hexenuronic acids add to the total carboxyl
group content and also to the kappa number. HexAs are seen as being partly re-
sponsible for diminished brightness stabilities of bleached pulps. Under acidic
conditions hexenuronic acids are unstable (Scheme 10), so that a mildly acidic
treatment can thus be used to selectively remove HexA from the pulp [69].

1.3.4
Lactone Entities

Within oxidized polysaccharides, carboxylic units may occur at the former
reducing end as gluconic groups as well as along the chain in the form of
uronic acid residues or at the C-2 and C-3 positions in periodate-cleaved
and oxidized products. Under appropriate conditions induced by elevated
temperatures, dehydration or low pH, the carboxylic groups are prone to
intra-molecular ester formation, which in case of cellulose includes the 5-
OH group of the proximal cellobiose moiety of the cellulose chain or the
2-OH group of a glucose unit preceding the glucuronic acid residue within the
polysaccharide backbone. Whereas in the former case a six-membered lac-
tone moiety in a distorted half-chair conformation will be generated, an inter-
residue lactone in a sterically feasible seven-membered ring will be present in
the latter case. This arrangement resembles the positioning of the hydrogen-
bond pattern stabilizing the cellulose I structure by hydrogen bonding from
OH-2′ to O-6. In the literature [133], the occurrence of 6,3-lactone units has
also been discussed. The formation of this intra-residue lactone, however,
requires a transition from the 4C1 conformation into a boat conformation
which would meet with considerable steric restraints (Scheme 11).

Scheme 11 Formation and hydrolysis of glucono-1,5-lactone and 2′,6- and 3,6-lactone
entities
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1.3.4.1
D-Glucono-1,5-Lactone Formation and Stability

In contrast to d-glucono-1,4-lactone, the 1,5-lactone exhibits pronounced in-
stability. Depending on the applied conditions, the lactone will be in equilib-
rium with the corresponding gluconic or cellobionic acid moiety, respectively,
which in solution is shifted to the open-chain form. Semiempirical calcu-
lations of the hydrolysis of 1,5-gluconolactone indicated preferential cleav-
age of the C1-oxygen linkage, which was supported by 13C NMR data of
a hydrolyzate obtained from gluconolactone in H2

18O at pH 7.5 [70]. Thus,
isolation of cellobiono-1,5-lactone has formerly only been achieved by re-
moval from the mixture by selective crystallization [71]. The formation of
gluconic acid lactones in cellulosic substrates has been implicated in vari-
ous FAD-assisted enzymatic reactions involved in cellulose degradation. As
an example, in addition to the well-studied cellobiose dehydrogenases, a glu-
cooligosaccharide oxidase has been described, which also accepts cellodex-
trins as substrate [72, 73]. Mechanistic and crystal structure data showed
the formation of the glucono-1,5-lactone intermediate in the oxidation step,
which subsequently hydrolyzes spontaneously to give the open-chain form.
Due to the inherent lability of the 1,5-lactone, a cellobionolactame analogue
has therefore been used for cocrystallization experiments with a cellobiose
dehydrogenase, and these lactone mimetics are of general interest as poten-
tial glycosidase inhibitors [74]. In addition to the crystallographic data, direct
1H NMR-spectroscopic evidence has been obtained for the enzymatic conver-
sion of cellobiose into cellobionic acid [75].

Cellobionic acid was also found as the major product arising from ozona-
tion of cellobiose and was isolated by HPLC and fully characterized by 1H
and 13C NMR spectroscopy [76]. Ozonation of methyl β-d-glucopyranoside
afforded a lactone of arabinonic acid arising via a Ruff-type degradation of
gluconic acid followed by subsequent oxidation [16]. Alkaline conditions,
such as those which have been applied to open lactone rings, are prone to
generate additional carboxylic groups. Kraft pulps, which have undergone

Scheme 12 Formation and hydrolysis of FDAM-labeled aldonic acids
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alkaline treatments contain metasaccharinic end units in addition to glu-
cono lactones. These end groups have been reported to form stable lactones,
which are fairly resistant towards iodine-induced lactone opening [77]. At-
tempts to label gluconic acid residues with the fluorescence label FDAM
(see forthcoming chapter) reflect the ambiguous reactivity of 1,5-lactones
(Scheme 12). In model labeling experiments with xylonic, gluconic and cel-
lobionic acid, formation of the labeled products could be monitored by TLC.
Isolation of the derivatives by column chromatography, however, provided
trace amounts only due to direct hydrolysis or transesterification reactions,
respectively [78].

1.3.4.2
Formation of Intra-Chain Lactones

The formation and hydrolytic stability of intra-chain lactones has been in-
ferred from oxidized cellulose samples (oxycelluloses). Little is known on
the structure and occurrence of lactones in bleached pulps. The amount of
glucuronic acid in bleached wood pulps is rather small. The potential in-
volvement of lactones and ester bridges in inter-chain cross-linking has been
controversially discussed in the literature [79]. Nevertheless carboxylic and
lactone groups have been linked to numerous processes and product prop-
erties such as hornification, yellowing, aging or tensile strength [79, 80].
Model studies for the labeling reaction and for lactone formation in solution
have been performed using synthetic methyl β-D-glucopyranosyl-(1 → 4)-β-
D-glucopyranosiduronic acid. In situ NMR experiments at pD 1–2 did not
indicate the presence of lactones [81]. The situation in a solid matrix, how-
ever, might be different where additional parameters such as accessibility,
Donnan effects, hydration and the steric environment are operative. Further-
more, in striking contrast to the labeling experiments with aldonic acids, the
FDAM-labeled uronic acid derivative could be isolated in preparative yield
(Scheme 13).

Scheme 13 Labeling of a disaccharide uronic acid derivative
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2
Determination of Oxidized Functionalities

The quantitation of oxidized groups can in principle be performed at three
levels of information. The variant mostly utilized so far is the determination
of the total amount of a respective functional group as a sum parameter. Ex-
amples of different methods are given in the following section. To gain more
detailed information in which part of the polymer these functional groups are
situated a combination of group-selective labeling and size exclusion chro-
matography can be used. The third level is the determination of the type
of functional group within the AGU. For cellulose no methods are currently
available to quantify different types of oxidized groups within the AGU. Such
an investigation would require for instance total hydrolysis and analysis of the
fragments obtained, and determination despite the extremely low concentra-
tion of differently oxidized units remains a future challenge.

2.1
Carbonyl Functionalities (Aldehyde and Keto Groups)

2.1.1
Conventional Methods for Carbonyl Analysis in Celluloses

The quantitation of carbonyl groups in cellulose was so far limited to the
measurement of the total carbonyl content by different methods, which are
summarized in Table 1.

The so-called copper number is still the method of choice in the pulp and
paper industry in process control, but sometimes also in the research lab.
The reducing power of cellulose is measured by reaction with an alkaline
CuII-salt under defined conditions, the formed CuI ions can be titrated after
re-oxidation [82]. The underlying reaction mechanisms are still not entirely
understood, neither are the types of oxidized structures recorded. However,
even though the copper number is only a sum-parameter, the data of which
cannot be directly linked to the quantity of a specific oxidized function, it re-
mains a valuable parameter for control in a number of industrially relevant
processes.

Cyrot [83] proposed the reaction with hydroxylamine to the correspond-
ing oxime as a means of monitoring, since oximation was more sensitive than
reaction with similarly reacting reagents such as hydrazine. The degree of ni-
trogen fixation can be measured either by a Kjeldahl procedure, or, as more
recently applied, by elemental analysis. According to Rehder et al. [84], run-
ning the reaction in a zinc acetate buffer eliminated side-reactions with acidic
groups and minimized those with lactones. According to Lewin [85] the for-
mation of cyanohydrins by reaction of carbonyl groups with cyanide can also
be taken as a measure of oxidized functionalities. Excess cyanide is removed
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Table 1 Classical methods for determination of carbonyl groups in cellulose

Method Reaction Detection Comment Refs.

Copper (Unspecific) Titration Only relative data, [82]
number Reducing power mechanism ill-defined

Hydrazinium- Formation of Photometric Only semi-quantitative [88]
salt charged groups

on cellulose

Hydroxyl- Oximation Elemental analysis, Sensitivity depends highly [83, 89]
amine photometric, on detection mode

titration

Cyanide Formation of Titration Toxic reagents, [85]
cyanohydrins overestimation

NaBH4 Reduction to Titration Rather insensitive [86, 87]
the alcohol

TTC-reaction Formation of Photometric Only for REG, [90, 91]
a red dye from cellulose degradation,
reducing ends overestimation

from the pulp and determined by titration with AgNO3. This cyanide method
often yields too large values due to adsorption phenomena, and is, moreover,
less often used today because of the toxicity of the reagents.

The consumption of sodium borohydride (reduction method) upon reduc-
tion of carbonyl groups can also be used for their quantification. Remaining
NaBH4 is quantified by the amount of hydrogen formed after reaction with
acid [86, 87].

Determination of dialdehydes in periodate cellulose can also be based
on consumption of hydroxyl ions by the Cannizzaro reaction [92]. The
β-elimination reaction of 2,3-dialdehyde celluloses in combination with DP-
determination is proposed as a means to roughly determine the extent of
oxidation [93].

An interesting procedure for quantification of C6-aldehyde groups of
highly substituted C6-aldehydo derivatives by reduction with NaBD4 and MS
analysis of the hydrolyzed material is given by Clode and Horton [51].

2.1.2
Differentiation Between Keto and Aldehyde Groups

An important issue is the differentiation between aldehyde and keto groups in
cellulosic materials. Different approaches are theoretically conceivable: a se-
lective derivatization of either aldehyde and keto groups, a mathematical
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calculation of the reducing end groups and its subtraction from the over-
all amount of keto structures determined, or a selective “masking” of either
of the two oxidized species by oxidation or reduction [94, 95]. Classical ap-
proaches follow the latter mode. However, all of these approaches give only
a rough estimate of the aldehyde/keto ratio. An interesting approach was
followed by Sihtola et al. [96] who correlated different rates of oximation
with different carbonyl types present, but without making assignments of
the rates to underlying structures, a similar principle was later applied by
Blaha et al. [97]. Different oximation rates have been observed for differently
bleached samples and aged pulps. However, the extent of morphological in-
fluences in this procedure is quite difficult to assess.

An elegant approach would employ a fluorophore, of which the wavelength
depended strongly on the type of carbonyl it is attached to. So far, such a dif-
ferentiation of keto and aldehyde groups by labeling is not available. The
mathematical calculation of reducing end groups from the number average
molecular weight data is possible, and would directly result in a distribu-
tion of keto and aldehyde groups relative to the molecular weight. Further
chemical manipulation of the cellulose is not necessary here. However, also
the calculation approach has considerable drawbacks: the error of the meas-
urement of Mn is rather large and depends highly on the data evaluation of
the GPC measurements, and so does the calculated REG content. In addition,
pulp samples and also aged papers contain oxidized reducing end groups in
the form of acid residues, since the REG is a primary site of oxidative attack.
However, if molecular weight data (Mn) are available, the number of REG can
be roughly estimated.

The oxidation of reducing end groups of cellulose to the corresponding
aldonic acids by chlorous acid was thought to proceed selectively enough
to be used as a means of differentiation between keto and aldehyde groups.
A second determination of either remaining keto carbonyls or newly formed
carboxyl groups would finally yield the keto/aldehyde ratio [98]. However,
the oxidation with chlorous acid proved to be not sufficiently selective (un-
published results). Another method was based on the work by Siggia and
Maxcy [99] who estimated aldehydes by bisulfite addition and titration of the
excess bisulfite with alkali. As this addition proceeds also with keto groups,
albeit at a slower rate, the method must be applied with great care only [100].

The reducing power of aldehyde groups can be used to convert TTC (2,3,5
triphenyltetrazolium chloride) into triphenylformazane, a red dye, which can
be quantified spectrophotometrically [90]. As the reaction is carried out in
aqueous alkaline media, it induces β-elimination and hence results in over-
estimation of aldehyde groups. The same principle was applied by Strlic and
Pihlar [90] in homogeneous solution (DMAc/LiCl) yielding results more re-
producible than those according to the heterogeneous procedure in aqueous
solution. However, also under these modified conditions, most industrial
pulps suffer considerable DP-loss which results in an overestimation of REGs.
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Only pulps from cotton linters and rag paper proved to be stable enough to be
safely subjected to this method. A combination of the TTC protocol and the
CCOA method to obtain pure keto group profiles is given by Nagel et al. [177].

2.1.3
The CCOA Method for Carbonyl Quantification

The classical procedures described above yield the carbonyl value as a sum
parameter with varying accuracy. An additional drawback is the large sam-
ple amount required to obtain sufficient sensitivities. The comparably high
reactivity of the carbonyl groups allows the application of carbonyl-selective
reagents being UV-active or fluorescent compounds. This already lowers
the sample demand significantly (see Hydrolysis Method in this chapter).
The actual advantage, however, represents the opportunity of combining
fluorescence labeling with a separation technique (see Combination with
GPC). A suitable carbonyl-selective fluorescence label was synthesized: the
reagent carbazole-9-carboxylic acid [2-(2-aminooxy-ethoxy)ethoxy]amide
(carbazole-carbonyl-oxyamine, CCOA) (Scheme 14).

The CCOA label contains a fluorophore and a flexible spacer. The reactive
anchor group is an oxyamine. Oxyamines showed a higher reactivity towards
carbonyl groups as compared to hydroxyl amines [101]. Due to the fluores-
cence characteristics (λex = 340 nm in DMAc) no interference with MALLS
detection (λ = 370 nm or higher) is encountered. CCOA can be applied both
in aqueous buffer systems and in the solvent DMAc/LiCl, as tested with model
compounds [102], and gives generally neat and quantitative conversion of
carbonyl functions into the corresponding O-substituted oximes (Scheme 15).

The label is completely stable in this solvent system at ambient tempera-
ture. Calibration, which is required for quantification of the carbonyl content,

Scheme 14 Structure of the fluorescence label CCOA for carbonyl-detection in cellulose

Scheme 15 CCOA-Labeling of cellulose by the example of a C6-aldehyde structure
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can be performed with the label CCOA (Scheme 14) which has exactly the
same fluorescence properties as the labeled compounds. The integrity of the
cellulose was not affected upon labeling, i.e., no degradation occurred.

The advantages of the CCOA method are:

• Relatively low sample amounts required (5–25 mg)
• High selectivity and high sensitivity

(LOD: 0.01 µmol/g; LOQ: 0.05 µmol/g)
• Yields all MWD data in addition to carbonyl profiles, combined with GPC
• MWD does not change after labeling (no aggregation phenomena)
• Separate numeric analysis of different MW regions is possible
• Practical on a routine basis

The following points can be considered as drawbacks of the method:

• The label is commercially unavailable.
• There is no differentiation between aldehyde and keto groups.
• There is no differentiation between lignin-carbonyls and cellulose-

carbonyls.
• The combination with GPC is limited to pulps and papers soluble in

DMAc/LiCl.

2.1.4
The CCOA-Hydrolysis Procedure

The hydrolysis procedure is based on heterogeneous carbonyl-selective fluo-
rescence labeling with CCOA, which is subsequently released with triflic

Scheme 16 Hydrolytic cleavage of CCOA-labeled cellulose by triflic acid in methanol
under release of N-(methoxycarbonyl)carbazole, CCOA, and carbazole
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acid from the labeled pulp in a quantitative manner, and the concentra-
tion of CCOA and CCOA-derived products are determined by HPLC with
fluorescence detection [103] (Scheme 16). The procedure requires mate-
rial in the mg range only and can be applied to pulp and paper sam-
ples which do not readily dissolve in DMAc/LiCl. Calibration can be per-
formed against DMAc/LiCl-soluble standard pulps. The data obtained by
this approach correlate well with data from the traditional CCOA pro-
cedure. Limit of detection (3σ) and determination (10σ) are very low
with 0.042 µmol/g and 0.14 µmol/g, respectively, as compared to conven-
tional methods. Scheme 16 shows the reaction and the products obtained
after hydrolysis.

2.2
Carboxyl Groups

2.2.1
Conventional Methods for Carboxyl Analysis in Cellulose

Two procedures for the determination of carboxyl groups predominate to-
day: titration of the acids under formation of salts with different cations and
utilization of the anion exchange capacity of pulps, which is a consequence
of the presence of carboxyl groups. The acidic groups are transferred into
their salt forms, using either an inorganic cation as in the former case, or an
organic cationic dye, such as methylene blue or crystal violet, in the latter.
The cation is subsequently quantified either after recovery from the pulp or
by depletion analysis of the remaining species in solution. Also decarboxy-
lation and determination of the freed carbon dioxide has been applied to
quantify cellulose carboxyls [104, 105]. Investigations of Wilson [106] showed
a strong dependence of the ion exchange capacity of carboxyl groups in pulp
on the ion strengths. Various modifications of the method have been pub-
lished [107–109]. Samuelson and Törnell [110] studied the determination of
carboxyls in the presence of carbonyl groups. The pH of the alkaline sodium
chloride solution to obtain the sodium salt of the carboxyl groups did not
exceed pH 8 in order to prevent β-eliminiation reactions of the carbonyl
groups. Sihtola [111] used a potentiometric determination after desalting by
electrodialysis, displacement by potassium ions, and subsequent titration to
pH 7.0. The iodide-iodate method [112] has the advantage of detecting carb-
oxyl groups, lactones and enediol groups. The conductometic titration allows
also differentiating between strongly acidic groups (e.g., sulfonic acids) and
carboxyls. Table 2 gives an overview on conventional methods to estimate
carboxyl groups in cellulosics.
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Table 2 Classical methods for determination of carboxyl groups in cellulose

Method Reaction Detection Refs.

(Reversible) Ion exchange Photometric [113–116]
Methylene blue
Sodium bicarbonate/NaCl Neutralization Titration [117, 118]
Zinc acetate Ion exchange Gravimetric, [119]

complexometric
Crystal violet base Acid-base reaction Photometric [120]

in benzene
HCl Neutralization Conductometric [121, 122]

Problems frequently encountered with the above described methods are:

• Inaccuracy due to unspecific binding of the cations
• Large sample demand
• Limited sensitivity
• Lactones have to be “opened” prior to the measurement [84, 89] but ex-

hibit different rates of saponification depending on their type.

For a recent review on a critical evaluation on classical methods see Fardim
et al. [123]. In addition to the wet chemical methods, FTIR spectroscopy and
ESCA [124, 125] techniques have been applied to quantify carboxyl groups in
cellulose and pulp. In case of FTIR, satisfactory results in comparison to wet
chemical analysis could only be obtained with carboxyl-rich samples [126–
128].

2.2.2
Determination of Lactones

In most cases, uronic acids are liberated from acidic polysaccharides by
hydrolysis leading to irreproducible concomitant formation of lactones. Sev-
eral methods to circumvent this problem have been published describing
conversion of the uronic acid into methyl esters followed by reduction with
borohydride or borodeuteride reagents and subsequent hydrolysis and GC-
MS detection [129]. Other techniques are based on the liberation and quan-
tification of carbon dioxide. Direct determination of uronic acid residues in
hydrolyzates has frequently been performed according to colorimetric assays,
which are rather insensitive and have thus mostly been replaced by high-
performance anion exchange chromatography (HP-AEC) methods [130–132].

Due to the inherent chemical propensity of lactones with respect to hydro-
lysis and reformation, the determination has mostly relied on the total quan-
tification of carboxyl groups (assuming a complete hydrolysis of lactones
under alkaline conditions and negligible regeneration under acidic condi-
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tions needed for the deionization of carboxyl groups) followed by measure-
ment of free carboxylic groups using a variety of alkalimetric or complexo-
metric protocols. The direct and unambiguous detection and differentiation
of lactone moieties has not been accomplished thus far. An estimation of the
lactone content has been gained by a variant of the iodometric titration of
carboxyl groups [133, 134]. Hydrolysis of lactones under non-alkaline condi-
tions is achieved by KI – KIO3 which releases iodine – albeit at a slower rate
than free carboxylic groups – which is scavenged in the presence of thiosulfate
and quantified by an indirect iodometric titration [135]. The different types
of lactone moieties, however, display varying degrees of reactivity towards
hydrolysis.

2.2.3
Determination of Hexenuronic Acids

The following gives a brief compilation of procedures to determine hex-
enuronic acids in cellulosic pulp samples. The common methods are based
on hydrolysis of HexA moieties from pulp, either enzymatically or chemical-
ly, with subsequent quantification of the hydrolysis products either directly
or after chemical conversion into UV active compounds. A comparison of
these three methods is given by Tenkanen et al. [136]. For comparison rather
than exact determination of HexA, e.g., during bleaching stages, the diffuse
reflection UV VIS method can be applied [137]. A photoacoustic FTIR pro-
cedure based on chemometric analysis has been described as well [138]. In
Table 3, the available methods to analyze HexA moieties in cellulosic material
are summarized.

Table 3 Methods for the determination of hexenuronic acids in cellulose

Method Principle Detection Refs.

VTT method Enzymatic hydrolysis HPAEC-PAD, CE [139, 140]
HUT method Acid hydrolysis Photometric [69]
KTH method Hg-salt, hydrolysis Photometric, HPLC [141, 142]
Resonance Raman Direct detection of double bond Resonance Raman [143, 144]
Cadoxen method Direct detection of double bond UV [145]

2.2.4
The FDAM Method for Carboxyl Group Determination

An approach different from the classical methods described in the previ-
ous chapter is the mild esterification of carboxylic acids as described in
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protein chemistry [146, 147] or utilized for fatty acid analytics [148–150].
However, most of these methods are not applicable towards quantification of
sugar acids in polysaccharides due to insufficient yields. So far, the only ap-
propriate reaction for sugar acids turned out to be that with diazomethane
reagents [151]. Aromatic diazomethane derivatives do not require an ac-
tivation step, no auxiliaries are necessary, traces of water do not interfere
with the conversion, and the reaction proceeds at ambient temperatures to
afford stable esters. Hydroxyl groups do not react under these conditions.
If a fluorophore is linked to the diazomethane anchor group, the detection
limit can be lowered significantly. In addition, a combination with other
detection modes becomes possible. 9-Anthryldiazomethane (ADAM) [152–
154], 1-pyrenyl-diazomethane (PDAM) [155, 156], and 4-diazomethyl-7-
methoxycoumarine (DAM-MC) [157] have been described in the analytics of
fatty acids and similar analytes, but could not be used in analytics of cellu-
losic carboxyls due to the limited stability of the product esters and because
of the interference of the fluorescence label with the MALLS detection in GPC
analysis.

For carboxyls in cellulose the FDAM label (Scheme 17) was found to be
most suitable in combination with GPC-MALLS analysis [158].

The reaction was tested on carbohydrate model compounds and was
shown to provide quantitative yields [78, 81] (Scheme 18). Following from
the reaction mechanism, the carboxyl groups must be present in free form
(COOH) for the labeling to proceed. Carboxylates (salts), lactones or esters

Scheme 17 Structure of the fluorescence label FDAM for carboxyl-detection in cellulose

Scheme 18 FDAM-labeling of cellulose by the example of a C6-carboxylic (glucuronic)
acid structure
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are not detected. At present, the statement of neat labeling with FDAM and re-
liable GPC detection must be restricted to uronic acids. Even though prepar-
ative experiments showed a conversion also for aldonic acids, the primarily
formed fluoren-2-ylmethyl onates appeared to behave like activated esters
under normal phase chromatography conditions, promoting the formation
of lactones (see Scheme 12 above) with concomitant release of fluoren-2-yl-
methanol from the FDAM label.

The reaction conditions for FDAM labeling were optimized for cellulose
to fit into the usual activation protocol prior to dissolution in DMAc/LiCl
(9%). FDAM can be prepared in the GPC eluant DMAc from 9H-fluoren-
2-yl-carboxaldehyde via its hydrazone by oxidation with excess manganese
dioxide [78].

The advantages of the FDAM method are:

• Relatively low sample amounts required (5–25 mg)
• Yields all MWD data in addition to carboxyl profiles in combination with

GPC
• Separate numeric analysis of different MW regions is possible
• Practical on a routine basis
• FDAM label is easily and neatly synthesized prior to derivatization

The following points can be considered as drawbacks of the method:

• There is no differentiation between lignin-carboxyl and cellulose-carboxyls
• Combination with GPC is limited to pulps and papers soluble in DMAc/LiCl
• Degree of labeling of gluconic acid residues at present is unknown

2.3
Combination of Group-Selective Fluorescence Labeling with GPC

A substantial progress in analytics of oxidized groups in celluloses was
achieved with the possibility to locate carbonyl and carboxyl groups along the
cellulose macromolecule [159, 160]. This technique combined group-selective
fluorescence labeling with GPC analysis. Addition of a fluorescence detector
reports the amount of fluorescence in every slice of the MWD, and provides
directly the concentration of the respective functional group after signal cali-
bration. The standard GPC setup used in such approaches is given in Fig. 3.

From the integrated signals of the RI detector, which is concentration-
sensitive, and the fluorescence detector, which is functional group-sensitive,
the total amount of carbonyl or carboxyl groups can be calculated.

The MALLS detector allows the absolute determination of the molecular
weight, provided that the dn/dc value of the polymer in solution is known.
The minute concentration of functional groups (labeled carbonyls or carbo-
xyl groups) does not influence the dn/dc value. From the MALLS and the RI
signal the MWD is calculated. Combination of both, the fluorescence signal
and the MWD allows the calculation of the functional group profile. Figure 4
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Fig. 3 GPC setup for functional group profiling. RI: refractive index detector; Fluores-
cence: fluorescence detector; MALLS: multi-angle laser light scattering detector

Fig. 4 Left: Fluorescence, MALLS (90◦) and RI signals from a CCOA-labeled cellulose
sample. Right: Differential molecular weight distribution and degree of substitution of
carbonyl groups (DSCO) as calculated from the detector outputs

shows an example of the signals obtained during GPC and the resulting MWD
and carbonyl profile.

This approach requires a sensitive means of tagging the functional group
since the absolute amount analyzed by GPC ranges in the µg range. The
sensitivity needed is achieved with the above described fluorescence labels.
However, in order to combine the fluorescence labeled material with GPC in
combination with MALLS detection, the label must not emit light close to
the laser wavelength of the MALLS device, which puts some restrictions to
the chromophore of the marker. Classical carbonyl labels such as dansyl hy-
drazine [161], dansyl oxyamine [101], phenylhydrazine [162] do react with
cellulose carbonyl groups as well [163] but are not suitable in combination
with GPC-MALLS. The CCOA and FDAM labels described above have been
designed to work in combination with GPC detection.

In cellulose chemistry, the term “degree of substitution” (DS) usually de-
notes the number of substituted OH groups per anhydroglucose unit; with



Analysis of Oxidized Functionalities in Cellulose 29

this meaning it is most frequently used for cellulose ethers or ethers. The
DS thus reflects the completeness of a chemical modification at the hydroxyl
groups of the polysaccharide. However, the term DS was also used to de-
scribe the average content of CO or COOH groups per anhydroglucose unit,
hence the terms DSCO and DSCOOH have been used by analogy to illustrate the
amount of functional groups in relation to the MWD.

The outputs of the respective detector signals are used as described above
to calculate the DS profiles, i.e., the concentration of the respective functional
group in relation to the molecular weight distribution. Figure 5 presents ex-
amples of DSCO and DSCOOH profiles, obtained from a sulfite dissolving pulp.
The DSCO generally increases with decreasing molecular weight due to the
increasing number of reducing end groups. The DSCOOH profile differs sig-
nificantly from the DSCO profile. In the example shown, the number and dis-
tribution of carboxyl groups is mainly governed by glucuronic acid moieties
in the hemicelluloses. The signal passes through a maximum and decreases
towards both small and large MW fragments.

∆DS plots, which simply give the difference between two DS curves, facili-
tate the comparison of two samples with regard to their carbonyl or carboxyl
contents relative to the molecular weight. ∆DS plots are very suitable graphic
representations to report even slight differences in carbonyl or carboxyl con-
tents in order to better visualize changes occurring during specific treatments
starting from the same material. They allow, for instance, to analyze in a very
straightforward way, how a chemical treatment increases or decreases func-
tional groups in certain molecular weight ranges. Examples of ∆DS plots are
given in the following application chapter.

Carbonyl or carboxyl group profiles can also be evaluated numerically. This
way, the amount of functionalities in preselected regions of the MWD are
compared, provided that the samples have similar molecular weights. Cer-
tain characteristics of the cellulose state of oxidation or the distribution of

Fig. 5 Degree of substitution plots for the molecular weight dependent distribution of
carbonyl groups (DSCO) and carboxyl groups (DSCOOH) for an example pulp
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Fig. 6 MWD of different dissolving pulps (s2–s8), the vertical lines limit DP ranges of 100
and 2000, corresponding to the carbonyl contents in Fig. 7 below

Fig. 7 Distribution of carbonyl groups over three MW regions (DP < 100, 100 < DP <
2000, and DP > 2000), corresponding to the MWD of the pulps in Fig. 6 above

hemicelluloses can easier be visualized. Figure 6 gives the MWD of different
dissolving pulps, vertical lines indicating the DP 100 and DP 2000 limits. The
corresponding percentages of carbonyls in these regions are displayed in Fig. 7.
The data obtained may be further correlated with other pulp parameters.

3
Applications of the CCOA and FDAM Methods:
Monitoring Oxidative Processes

Through combination of MWD analysis and functional group analysis it also
became possible to examine how functional groups in certain regions of the
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molecular weight behave during specific treatments [164]. Often the over-
all trend of functional groups outweighs effects occurring in specific areas
(low MW or high MW parts). These effects can be examined in detail using
functional group profiling. If the pulp is degraded during the treatment the
profiles report both hydrolysis, by generation of new REG and decrease of
Mw, and oxidation. If the MWD does not change significantly, only oxidative
changes are considered. The CCOA and FDAM method are thus very powerful
tools to follow cellulosic material through different processing steps with re-
gard to oxidative changes occurring thereupon. In the following application
chapter, several examples are given: different bleaching treatments, process-
ing of Lyocell dopes, alkalization of pulps, irradiation treatments of cellulose
and cellulose aging. In all of these cases, CCOA- and FDAM-monitoring were
used to clarify which oxidative changes occur in which molecular weight re-
gion. The additional dependence on reaction conditions and reaction time
provided mechanistic insights much more detailed than possible by any
means available so far.

3.1
Bleaching Treatments

Bleaching can be considered as the major process introducing functional
groups, especially carbonyls, into cellulosics. Yellowing and limited bright-
ness stability caused problems in the early days of hypochlorite bleaching,
and became an issue again with the introduction of ozone in TCF bleaching
sequences. In the following, the effect of different bleaching types and agents
on the carbonyl group profiles and the MWD of the bleached celluloses will
be summarized.

In Fig. 8 the carbonyl DS and ∆DS plots for ozone-bleached beech sul-
fite pulps are shown. With increasing bleaching intensity, the ∆DSCO was
increased for medium and high-molecular weight regions, but dropped below
the value of the starting material for the low MW range. The boundary region
between DS increase and DS decrease was around Mw 10 000–20 000 g/mol.
Thus, the ozone treatment comprises an interplay of carbonyl-generating and
carbonyl-consuming processes according to the MW regions.

Reducing end groups represent the major part of the total amount of car-
bonyl groups in cellulose chains with a low DP. Upon ozone treatment, these
reducing end groups are oxidized to lactones and carboxylic acids, so that
an ozone bleaching stage lowered the carbonyl DS in the lower molecular
weight regions. In cellulose chains with a high molecular weight, however,
the contribution of reducing end groups to the total amount of carbonyls
is much smaller, so that the oxidation of reducing end groups is overcom-
pensated by the introduction of new carbonyl functions. The generation of
carbonyls predominantly in higher-molecular weight material might explain
the well-known observation that ozone-bleached pulps suffer a severe DP loss
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Fig. 8 Ozone bleaching (Z) of a beech sulfite pulp, increasing numbers reflect increasing
intensity of the ozone treatment. Left: differential MWD und carbonyl DS. Right: ∆DSCO
plots showing the differences in carbonyl content between the bleached sample and the
starting material (SM). Reprinted with permission from Biomacromolecules (2002) 3:969.
Copyright (2002) American Chemical Society

in a subsequent P stage: when the carbonyls introduced upon ozone treatment
are reduced by NaBH4, the pulp is rendered largely insensitive towards the
subsequent peroxide treatment [165].

With the pulp used, a very low ozone charge did not significantly increase
the carbonyl content, since preferably the residual lignin present in the ma-
terial was attacked by the oxidant [16]. The progressing degradation of the
polysaccharide material upon further oxidation, as reflected by the decreas-
ing Mw, is clearly visible in Fig. 8.

The effect of a peroxide bleaching stage is demonstrated in Fig. 9, which
displays again differential MWD, DSCO and ∆DSCO graphs. A standard beech
sulfite pulp was subjected to an ozone treatment followed by a peroxide
bleaching stage. Again, it was obvious that the initial ozone treatment in-
creased the carbonyl content at molecular weights above 20 000 g/mol, and
decreased it below this value. Also the simultaneous DP loss was evident.
The subsequent peroxide stage has a quite beneficial effect with regard to the
C= O content: in all molecular weight ranges the carbonyl content was de-
creased as compared to the ozone-bleached material. The DS profile drops
even below the level of the unbleached starting material at molecular weights
below 105, and ranged only slightly above the curve for the initial pulp above
105 g/mol.

As a last example for the applicability of the CCOA method in bleach-
ing chemistry, the effect of an intensive hypochlorite treatment of pulp
(H stage) at pH 7.0, aimed at producing highly oxidized pulps, is presented
(Fig. 10). The DP loss was progressing with increasing bleaching intensity.
The carbonyl DS generally ranged above the values for the genuine pulp,
but increased only slightly with enhanced hypochlorite charge in higher-
molecular weight regions. Carbonyl functions were mainly introduced into
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Fig. 9 Ozone bleaching (Z) of a beech sulfite pulp, followed by a peroxide stage (P). SM:
starting material, Z: ozone treatment, ZP: ozone – peroxide treatment. Left: differential
MWD and carbonyl DS. Right: ∆DSCO plots showing the differences in carbonyl content
between the bleached sample and the respective starting material. Reprinted with permis-
sion from Biomacromolecules (2002) 3:969. Copyright (2002) American Chemical Society

Fig. 10 Hypochlorite treatment (H) of a beech sulfite pulp, increasing numbers reflect
increasing intensity. SM: starting material. Reprinted with permission from Biomacro-
molecules (2002) 3:969. Copyright (2002) American Chemical Society

shorter chains below a MW of about 30 000. This is a major difference to the
above-discussed ozone and peroxide treatments of pulps.

In summary, ozone-bleaching increased the DSCO for medium and high-
molecular weight regions, but decreased the DSCO for the low-molecular
weight range. A peroxide treatment after ozonation decreased the carbonyl
content throughout all MW regions. Hypochlorite treatments introduced car-
bonyl functions mainly into low-molecular weight regions, in contrast to
ozone and peroxide treatments. In all three bleaching types a significant de-
crease in Mw was evident.
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3.2
Cellulose in Lyocell Dopes

The cellulose solvent NMMO (N-methylmorpholine-N-oxide) monohydrate
is a white crystalline solid at room temperature with a melting point of 84 ◦C.
Dissolution of cellulose and further processing of the spinning dope is thus
carried out at temperatures of about 100 ◦C. As NMMO is a relatively strong
oxidant, which is also frequently used as oxidizing agent in organic synthe-
sis [166], it exerts pronounced oxidative stress on the dissolved pulp material,
which is additionally intensified by the elevated process temperatures. Oxidiz-
ing solvent and pulp interact sufficiently long to cause possible severe effects,
e.g., decreased fiber properties, discoloration of the resulting fibers, thermal
instabilities of the dope and even explosions and uncontrolled degradation
reactions, sometimes called “exothermic events” [167]. The oxidative action
of the solvent NMMO on the solute cellulose was thus a topic of highest im-
portance.

By means of the CCOA method the carbonyl profiles of pulps upon Lyocell
processing were studied. It was shown that the overall carbonyl content of
the pulp decreased continuously upon dissolution in NMMO at 120 ◦C. This
overall decrease was relatively small, but significant. A detailed evaluation,
as given in Fig. 11, revealed that this overall decrease was a superposition of
counteracting processes with regard to regions of different molecular weight.
Up to a DP of 50, already existing carbonyl groups were consumed, which
was mainly attributed to changes of the hemicellulose parts [168]. The same
decrease in carbonyls, although less pronounced, was found for a molecular
weight region up to DP 200. In contrast to these MW regions, the content
of carbonyl groups increased moderately in high-molecular weight material
above DP 200.

Fig. 11 Cellulose (beech sulfite pulp) dissolved in NMMO (Lyocell dope). Left: DSCO and
differential MWD of the starting pulp, molecular weights of DP = 50 and DP = 200 are
indicated by vertical dashed lines. Right: Time course of the overall carbonyl content
for three selected molecular weight ranges. Reprinted with permission from Biomacro-
molecules (2002) 4:743. Copyright (2002) American Chemical Society
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In the short chain material with a high relative content of reducing end
groups (e.g., one per 50 or 100 anhydroglucose units) a major reaction
pathway was the oxidation of these structures to carboxylic (gluconic) acid
residues, paralleling the behavior of model compounds. At the same time, it
was likely that a minor amount of new carbonyl groups was generated along
the chain in unselective oxidation at C-2, C-3 and C-6, which was outweighed
by the oxidation of reducing ends, so that the observed overall decrease in
carbonyl groups resulted. In high-molecular weight parts, in contrast, the
relative amount of reducing ends was rather low (e.g., one per 500 or 1000
anhydroglucose units), so that the generation of new carbonyl groups be-
came dominant. The introduction of carbonyl groups, especially into longer
chains, was an important result as carbonyl groups have been demonstrated
to be directly correlated with chromophore formation in the Lyocell sys-
tem [169, 170].

In summary, processing of a beech sulfite pulp sample in NMMO at el-
evated process temperatures caused a net decrease of the carbonyl content.
The conversion of reducing ends to carboxylic acids, being the dominant pro-
cess in lower-molecular weight material, was counteracted by an unselective
introduction of keto groups along the chain, which was prevailing in the high-
molecular weight region. The latter process will also play a role in subsequent
discoloration reactions.

3.3
Alkalization of Cellulose and Aging of Alkali Cellulose

Alkalization (“steeping”) is a crucial process step in the production of cellu-
lose derivatives. It is employed prior to certain derivatization reactions, such
as xanthation in the viscose process or etherification in the production of
carboxymethyl cellulose [171]. Especially in the viscose process the alkaliza-
tion is not only used for activating the hydroxyl groups, but also to free the
pulp from impurities, such as hemicelluloses. The steeping step involves treat-
ment of bleached pulp with strong alkali hydroxides, mostly 18% NaOH, to
convert cellulose into sodium cellulose I. Excess sodium hydroxide is pressed
off and the press cake, consisting of approx. 34–35% cellulose and 15–16%
NaOH, is left in the presence of air for several hours, which is referred to
as aging or “ripening”. In this process stage the appropriate pulp viscosity,
i.e., the cellulose DP, is adjusted to the needs of further processing to viscose.
The changes in the molecular weight distribution are brought about by oxida-
tive processes [96, 173–175] which involve both introduction and conversion
of oxidized functions, such as keto and aldehyde groups, and chain cleavage
by subsequent alkali-induced reactions, such as β-alkoxy-eliminations. The
CCOA method was employed to examine these oxidative changes: for the first
time the introduction and conversion of oxidized functionalities were moni-
tored in dependence of both time course and molecular weight distribution.
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In Fig. 12, the molecular weight distribution and the carbonyl-DS curves
of the genuine pulp sample, the pulp after steeping and removal of excess al-
kali (“pressing”), and the samples after different times of aging are shown.
Both the decrease in molecular weight and the intended narrowing of the
distribution over time were evident. The overall carbonyl content decreased
significantly during the alkali treatment, approx. by about 50%. In contrast,
the carbonyl-∆DS plot in Fig. 13, depicting the difference curve between
starting pulp and alkali pulp after steeping, indicated no significant change in
carbonyls in the remaining pulp, except for the lowest molecular weight part.
The overall decrease was consequently due to a removal of low-molecular
weight hemicelluloses and celluloses, being no longer contained in the pulp
sample so that the carbonyl functions were thus no longer detectable.

Fig. 12 Alkalization of cellulose and aging of alkali cellulose (beech sulfite pulp). DSCO
(right) and differential MWD (left) after steeping and different aging times. Reprinted
with permission from Biomacromolecules (2002) 4:743. Copyright (2002) American
Chemical Society

Fig. 13 Alkalization of cellulose and aging of alkali cellulose (beech sulfite pulp). ∆DSCO
plots for pulps after steeping and different aging times, SM: starting material. Reprinted
with permission from Biomacromolecules (2002) 4:743. Copyright (2002) American
Chemical Society
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With increasing aging times, the carbonyl content in the pulp decreased
further, as shown by the carbonyl-∆DS plots after 2, 6 and 9 hours (Fig. 13).
The main reason for this loss in CO groups was a progressing oxidation of re-
ducing end groups to carboxyl functions, and a removal of keto groups, e.g.,
by β-elimination and rearrangements. After an aging time of about 4 hours
the decline in carbonyls slowed down, and eventually leveled off at a low
content of 4 µmol/g (Fig. 14, left). A detailed evaluation revealed once more
pronounced differences in the reactivity of different molecular weight regions
with regard to the carbonyl groups. In very high-molecular material with
a DP > 2000, the amount of carbonyls stayed nearly unchanged (Fig. 14, right)
as only very few carbonyl groups (reducing end groups) were contained. The
relatively large amount of carbonyl groups and reducing end groups in lowest
molecular and low-molecular weight ranges of DP < 50 and DP < 200 caused
a continuous decrease during the aging procedure due to the oxidative con-
sumption processes discussed above. Interestingly, the number of carbonyls
in the mid-range of 200 < DP < 2000 was found to increase. Thus, only in this
region the oxidative introduction of keto groups overcompensated the oxida-
tive and alkali-promoted consumption of carbonyls, which dominated in the
other MW ranges.

In summary, the application of the CCOA method disclosed two differ-
ent processes in the alkalization and aging of cellulose, the initial removal
of low-molecular weight material with a high content of carbonyls by dis-
solution leaving behind a carbonyl-depleted purified pulp, and the subse-
quent, slower process of oxidatively converting remaining carbonyl groups to
carboxyl groups in the pulp. This confirms the traditional concept of alka-
lization [172, 173] as constructed from the results of conventional analytical
methods. In the lower-molecular weight regions, large amounts of carbonyls

Fig. 14 Alkalization of cellulose and aging of alkali cellulose (beech sulfite pulp). Time
course of the total carbonyl content (left) and the carbonyl content in different molecular
weight ranges (right). Reprinted with permission from Biomacromolecules (2002) 4:743.
Copyright (2002) American Chemical Society
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were oxidatively removed, while in the mid-range generation of new keto
groups outweighed this consumption.

3.4
Irradiation of Cellulose

Carbonyl group profiles of samples having undergone high-energy irradi-
ation exhibited significant differences from chemically oxidized samples.
Figure 15 shows ∆DSCO plots of a UV-irradiation treatment with differing
irradiation times. The cellulose sample used was a bleached prehydrolysis
kraft pulp with the hemicellulose part being significantly lowered by alkaline
extraction. This cellulose, free of lignin and most hemicelluloses, proved to
be very stable under the conditions of UV radiation of up to 10 d. No sig-
nificant reduction in the molecular weight was observed, although a largely
uniform increase in carbonyls for the mid- and high-molecular weight areas
was found—in addition to a stronger increase in the low-molecular weight
range (Fig. 15, left).

How UV irradiation eventually changed the integrity of the cellulose was
highly dependent on the origin of the cellulose (pulping) as well as structure
and amount of the accompanying polymers (lignin and hemicellulose). While
lignin acted as an antioxidant preserving cellulose in TMP pulp upon irradi-
ation [174, 175] and unbleached pulp upon accelerated aging [176], residual
lignin in prehydrolysis kraft pulp was shown to have the opposite effect. Ra-
diation with UV light decreased the molecular weight significantly. A similar
amount of residual lignin in a beech sulfite pulp, however, did not show such
an effect on the DP of cellulose.

Fig. 15 UV radiation of cellulose for different times (h). ∆DSCO plots of a pulp without
hemicellulose (left) and with hemicellulose (right). The ∆DSCO plots show the MW-
dependent differences in the carbonyl content between the respective irradiated pulp
samples and the non-irradiated starting material (SM). Reprinted with permission from
Holzforschung (2004) 58:597. Copyright (2002) Walter de Gruyter
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Also the presence of hemicellulose influenced the oxidation of the cellu-
lose by UV light. After removal of the hemicelluloses, the UV irradiation
caused significant introduction of carbonyls into the low-molecular weight
part. A strong decrease in carbonyls of the low-molecular weight cellulose was
found when hemicellulose was present, see the ∆DSCO plot in Fig. 15 (right).
Thus, the hemicelluloses responded differently, somehow acting as a sacrifi-
cial substrate which is further oxidized to carboxyls, saving the cellulose from
being oxidized itself.

β-Irradiation, usually called “electron beaming” or “e-beaming”, was
found to induce severe changes due to the much higher energy input as com-
pared to UV. The cellulose was significantly degraded, and this loss in DP
was accompanied by the introduction of carbonyl groups over the whole mo-
lecular weight range (Fig. 16). In comparison to UV radiation, the amount of
carbonyls introduced by e-beaming was about threefold.

In summary, from the studies on different types of oxidative modifica-
tions of celluloses it can be generalized that chemical means affect the low-
molecular weight areas primarily. Higher oxidant dosages or more severe
oxidation conditions increased the effect also on the high-molecular weight
parts. By contrast, irradiation by UV light or by electron beams caused a con-
stant increase in carbonyl groups also in the mid- and high-molecular weight
areas. It was concluded that chemical oxidations, carried out under het-
erogeneous conditions, mostly influenced the readily accessible less ordered
regions in cellulose, while radiation treatments were also able to penetrate
into well ordered “crystalline” regions, causing a more uniform oxidation of
the material over all MW areas.

Fig. 16 ∆DS plots for β-irradiation (electron beaming) of cellulose with different dosages.
The ∆DSCO plots show the MW-dependent differences in the carbonyl content be-
tween the respective irradiated pulp samples and the non-irradiated starting material
(SM). Reprinted with permission from Biomacromolecules (2002) 4:743. Copyright (2002)
American Chemical Society
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3.5
Aging of Cellulose in Paper

Two major processes are involved in aging of paper, hydrolysis induced by
the presence of water and acids, and oxidative processes triggered by differ-
ent factors such as metal ions, air contaminants, or simply the presence of air
over long periods of time. Both pathways cause an increase in carbonyl and
carboxyl groups. However, aging is also influenced by endogenic factors of
the paper itself. Origin of the cellulosic material, pulping and papermaking
procedures and especially papermaking additives, such as sizing agents, play
a crucial role in this respect. Storage, mainly under ill-defined conditions,
sometimes over centuries in the case of historical papers and documents, is
an additional unknown variable. A straightforward assessment of the mech-
anisms of paper aging is thus rather problematic. The following section will
illustrate how CCOA and FDAM method can assist in conservation and aging
studies.

The molecular weight distribution of rag papers from four centuries is
shown in Fig. 17. The highest Mw in this example was observed for the old-
est paper. Endurance and stability of rag paper is highly influenced by the
provenience of the material, the papermaking procedure and the storage con-
ditions. Thus, no conclusion as to the age can be drawn from the molecular
weight distributions measured.

A common feature observed at naturally aged rag paper samples is the
relatively high amount of carbonyl groups at the low- and mid-range of MW,
approx. below 105 g/mol or DP 6000. Roughly 50% of all carbonyls fall be-
low DP 300. From the amount of reducing ends as estimated from Mn it was

Fig. 17 Molecular weight distribution (left) and DSCO plots (right) of rag papers from
different centuries. Data given in the graphs correspond to the approximate year of pro-
duction. The total amounts of carbonyl groups and the REG estimated from Mn (in
parenthesis) were as follows: 1566 – 17.7(7.5) µmol/g; 1688 – 21.8(8.1) µmol/g; 1733 –
24.2(11.8) µmol/g; 1870 – 25.9(10.7) µmol/g
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Fig. 18 Molecular weight distribution (left) and DSCOOH (right) of rag papers from
different centuries. Data given in the graphs correspond to the approximate year of pro-
duction. The total amounts of carboxyl groups were as follows: 1562 – 23.6 µmol/g; 1660
– 20.5 µmol/g; 1776 – 17.3 µmol/g; 1838 – 15.44 µmol/g

calculated that the amount of keto functions, which are related to oxidative
processes, is about 50% of the total carbonyls, while the remaining half is at-
tributed to reducing ends that are naturally present or a result of hydrolysis.
Rag paper samples having experienced accelerated aging exhibited carbonyl
profiles comparable to naturally aged material.

The MWD and carboxyl group distributions for different rag papers are
given in Fig. 18. The amount of carboxyl groups also increased in the low MW
region. Hence, it was concluded that during natural aging oxidation preferen-
tially occurred in the low MW region, or that the progressing degradation of
rag paper produced higher amounts of acidic low-molecular weight material
with consequently increased amounts of carboxyl groups in this region.

3.6
Visualization of Oxidized Groups on Paper Surfaces

Analysis of historic paper materials and chemical processes occurring at
specific locations of paper, such as ink or pigment lines, often calls for a vi-
sualization method. Since CCOA and FDAM emit fluorescence in the UV
region, these labels cannot be used for direct imaging. Hence, other chro-
mophores were applied, but the labeling principle and the underlying chem-
istry was maintained [163]. A representative example is given in Fig. 19, show-
ing a model paper with a grid of copper pigments subjected to accelerated
aging. Next to the pigment lines hydrophobic areas developed which be-
came visible upon wetting with water (Fig. 19, left). These hydrophobic areas
coincided with locations of higher oxidative damage in terms of a higher
concentration of carbonyl groups. This was caused by migration of cop-
per ions into the surrounding paper parts as shown by laser ablation MS
techniques. The oxidative injure was visualized using a fluorescence label
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Fig. 19 Simulated copper corrosion in paper. Wetting (left) and fluorescence labeling
(right) to visualize areas of pronounced oxidative damage

Fig. 20 Group selective labeling agents for chemical microscopy by TOF-SIMS. Analysis of
a CCOA-labeled (right) and an FDAM-labeled beech sulfite pulp

emitting in the visible region, showing a stronger fluorescence emission for
the hydrophobic, stronger oxidized areas (Fig. 19, right). Hence, also rela-
tively minor spatial differences in oxidation states of paper surfaces can be
made visible.

CCOA and FDAM are also suitable labels for surface analysis by TOF-SIMS.
Both labels exhibit a distinct mass spectrum which can be used to visualize
the surface distribution of carbonyl or carboxyl groups across single fibers
by chemical microscopy (Fig. 20) (courtesy of Fardim P, Abo Academy Turku,
Finland).
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3.7
Outlook

The application of fluorescence labels in combination with GPC can be con-
sidered a step forward in the analysis of oxidized functionalities in cellulosics.
However, a large number of questions still remain to be addressed in the
future. If oxidized functionalities are considered as “substituents” along the
polymer chain of cellulose, then a thorough analysis of the substituent dis-
tribution within the cellulose chains and per anhydroglucose unit should
provide many new insights. The differentiation of aldehyde and keto func-
tions will be a next step. Also the exact position of carbonyls (keto or alde-
hyde) within the AGU needs to be resolved, and differences in their reactivity
determined. Furthermore, it is an open question whether oxidation occurs
statistically within cellulose chains or forms clusters of highly oxidized areas.

With selective labels available, visualization of oxidative damage in all spa-
tial dimensions of paper materials will become a major issue, especially with
regard to conservation issues and restoration of historical paper documents.
For the determination of carboxyl groups improvements in the reliable quan-
tification of lactones can be considered a future challenge.

The analysis of oxidized groups in celluloses will remain a hot topic in cel-
lulose chemistry and analytics, as we are only beginning to understand the
enormous importance of these groups in governing chemical behavior and
macroscopic properties of cellulosic material.
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Abstract Cellulose is a fascinating and almost inexhaustible and sustainable natural
polymeric raw material characterized by exciting properties such as hydrophilicity, chiral-
ity, biodegradability, broad chemical-modifying capacity, and the formation of different
semicrystalline fiber morphologies. If cellulosics such as bacterial cellulose or strongly
disintegrated wood cellulose are composed of nanosized fibers and the nanofiber struc-
turing determines the product properties, these polymers are described as nanocelluloses.
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Because of the extraordinary supramolecular structure and exceptional product char-
acteristics as high-molecular and high-crystalline cellulosics with a water content up
to 99%, nanocelluloses require increasing attention. This review assembles the cur-
rent knowledge in research, development, and application in the field of nanocelluloses
through examples. The topics combine selected results on nanocelluloses from bacteria
and wood as well as their use as technical membranes and composites with the first long-
time study of cellulosics in the animal body for the development of medical devices such
as artificial blood vessels, and the application of bacterial nanocellulose as animal wound
dressings and cosmetic tissues.

Keywords Nanocelluloses · Membranes · Composites · Medical devices ·
Animal wound dressings

Abbreviations
B BASYC®
BASYC® bacterial-synthesized cellulose
BC bacterial cellulose
ca carotid artery
CD-31 cluster of differentiation – 31
CMC carboxymethyl cellulose
DN double network
DSM Deutsche Sammlung von Mikroorganismen und Zellkulturen
E. coli Escherichia coli
ec endothelial cell
EDL musculus extensor digitorum longus
EtOH ethanol
fb fibroblast
fbb fibroblast branches
GlcNAc N-acetyl glucosamine
HS Hestrin–Schramm
l lumen
MC methyl cellulose
MFC micro-fibrilated cellulose
NMR nuclear magnetic resonance spectroscopy
PET poly(ethylene terephthalate)
PTFE poly(tetrafluoroethylene)
SEM scanning electron microscopy
TEM transmission electron microscopy
UV ultraviolet
vr vitalized region

1
Introduction

A material consisting of 99% water and 1% of a high-molecular and high-
crystalline polymer with well-defined molecular and supramolecular structure
represents an unusual but exciting matter in polymer research and applica-
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tion. The description applies perfectly to specific cellulosics characterized by
a nanosized architecture and presented in this contribution as nanocelluloses.

It is well known that polysaccharide cellulose is – in general – a very
important and fascinating biopolymer and an almost inexhaustible and sus-
tainable polymeric raw material. The trend towards renewable resources and
the tailoring of innovative products for science, medicine, and technology has
led to a global renaissance of interdisciplinary cellulose research and the use
of this abundant organic polymer over the last decade [1].

The polymer cellulose is of particular importance owing its unique struc-
ture, which is quite different from the common synthetic polymers. Formed
by repeated connection of glucose building blocks, the highly functionalized,
linear stiff-chain homopolymer is characterized by its hydrophilicity, chiral-
ity, biodegradability, and broad chemical-modifying capacity. This molecular
structure is also the basis for extensive hydrogen-bond networks forming
semicrystalline fiber morphologies. The properties of cellulosics are there-
fore considerably determined by the supramolecular order and specific as-
sembling, these again being controlled by the origin and treatment of the
cellulose [1].

Against this background and in view of broadening the range of cellu-
lose use, including the development of novel materials with ground-breaking
new features, it is important to have access to various types of celluloses of
miscellaneous provenance, supramolecular structure, exceptional properties,
different availability, and expanded application areas.

The dominant pathway to cellulose material is its production from plants.
In the seed hairs of cotton, cellulose is available in an almost pure state. In
contrast, wood cellulose forms a native composite with lignin and other car-
bohydrates (hemicelluloses) from which it is isolated by large-scale chemical
pulping, separation, and purification processes. Wood pulp [2] remains the
most important industrial feedstock for the production of paper and card-
board, for cellulose regenerate fibers and films as well as for the industrial-
scale synthesis of the palette of cellulose esters and ethers. These deriva-
tives are used as very important and well-known active components in
coatings, optical films, sorption media, and additives in building materi-
als, drilling techniques, pharmaceutics, foodstuffs, and cosmetics. Numerous
novel applications of cellulose also take advantage of its biocompatibility and
chirality.

Apart from plants, certain bacteria, algae, and fungi produce cellulose as
well. Amongst the cellulose-forming bacteria, Acetobacter strains – reclassi-
fied as the genus Gluconacetobacter – are especially suitable for the formation
of cellulose. They are not pathogenic, are commonly found on fruits and fruit
products, and can be cultivated under laboratory conditions.

One of the first applications of the natural product bacterial cellulose (BC)
was the use as a calorie-free dessert called Nata de Coco, today a common
Asian food.
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In terms of the molecular formula, BC is identical to cellulose of plant ori-
gin – apart from alien groups such as carbonyl and carboxyl units in the
latter as a result of the plant cellulose processing (see also the contribution
of A. Potthast et al. in this volume). But important structural features and
properties significant for practical application of BC are quite different from
wood cellulose: high purity, high degree of polymerization (up to 8000), high
crystallinity (of 70 to 80%), high water content to 99%, and high mechanical
stability.

These specific parameters are caused by the subsequently outlined biosyn-
thetic formation of the BC and the resulting particular supramolecular struc-
ture as a network of nanofibers formed during self-assembly of the cellulose
molecules in the aqueous culture medium, free from potential composite
partners as in wood biosynthesis, reviewed in [1].

If cellulosics such as BC are composed of nanosized fibers and the
nanofiber structuring determines the product properties, these polymers are
described as nanocelluloses.

The similar term nanosized cellulose is used in case of isolated crystal-
lites and whiskers formed by acid-catalyzed degradation of cellulosics. This
field and the application of that nanosized cellulose, e.g. in composites, have
been intensively investigated. Typical examples have been presented in cur-
rent papers [3, 4] and at the 231st American Chemical Society (ACS) national
meeting in Atlanta.

Moreover, the same term was recently used for small cellulose patches
formed as parts of open spin-coat films produced from low-concentration
trimethylsilylcellulose solutions and by subsequent heterogeneous desilyla-
tion of the primary formed silylcellulose layers under cellulose regenera-
tion [5].

In the last years, growing worldwide activity can be observed regarding
extensive scientific investigation and increasing efforts for the practical use
of the nanocelluloses. An overview of the increase of annually papers on BC
since 2000 is presented in Fig. 1.

It is the aim of this contribution to present advances in research, devel-
opment, and application in the field of nanocelluloses. The topics combine
selected results on nanocellulosics from bacteria and wood as well as their
use as technical membranes and composites with the first long-time study of
cellulose in the animal body for the development of medical devices such as
artificial blood vessels, and the application of bacterial nanocellulose as ani-
mal wound dressings and cosmetic tissues. Therefore, the review has brought
together colleagues from chemistry, medicine, and biotechnology.

Important further fields of BC research and development are already the
subject of numerous original papers and review articles. Therefore, these
topics are not part of this overview. This applies predominantly to recent
knowledge on the biosynthesis of BC [6], its application as wound dress-
ings in human medicine [7], the design of electronic paper [8] and the
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Fig. 1 Increase of annual publications on BC since 2000 (SciFinderScholar2006, bacterial
cellulose as entered)

development of BC-additives in paper-making [9] as well as the extensive
structure characterization by solid-state nuclear magnetic resonance (NMR)
spectroscopy [10].

2
Types of Nanocelluloses

As described before, one type of nanocellulose is formed directly as the
result of biosynthesis of special bacteria. A very pure product with subse-
quently reported important properties is formed that necessitates challenging
biosynthesis/biotechnological handling and the development of large-scale
production.

Another kind of nanocellulose can be prepared from the nearly inex-
haustible source of feedstock wood using controlled mechanical disintegra-
tion steps to produce the favored product properties.

2.1
Nanocellulose from Bacteria

In 1886, A. J. Brown [11] discovered BC as a biosynthetic product of Glu-
conacetobacter xylinus strains. He identified a gelatinous mass, formed on the
solution during the vinegar fermentation as cellulose. In the middle of the
20th century, Hestrin and Schramm developed a special culture medium for
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Gluconacetobacter xylinus to optimize cellulose formation on the laboratory
scale [12]. As a result of systematic and comprehensive research over the last
10–15 years, broad knowledge of the formation and structure of BC has been
acquired. This work is an important part of the integration of biotechnologi-
cal methods into polysaccharide chemistry and the development of cellulose
products with new properties and application potential.

The biosynthesis of BC occurs at a cellulose-synthesizing complex in the
bacterial cell. It starts from uridine diphosphate glucose and proceeds via the
addition of this intermediate to the end of the growing cellulose molecule.
The chain exits the cell as a so-called elementary fibril through pores at
the bacterium surface. In the presence of an aqueous culture medium and
in the absence of composite components (such as in wood, Sect. 2.2) the
self-assembly of the cellulose molecules leads to a highly swollen three-
dimensional (3D) network with a distinct tunnel and pore structure and
a water content of up to 99%. Using the common complex medium from Hes-
trin and Schramm [12] in a static culture, the BC is shaped as pellicles at the
air/liquid interface (Fig. 2). Biosynthesis leads with a high yield of about 40%
– in relation to the bacterial strain – to nanocellulose of high purity. Residual
bacteria and components of the culture medium can be removed by boiling
with weak basic media and subsequent washing with water.

A recent model of the BC structure in the never-dried state was given by
Fink et al. [13]. Anhydrous nano-fibrils in the range 7× 13 nm appear hy-
drated as a whole and are aggregated to flat microfibrils with a width of
70–150 nm. This means that the water is outside of the crystalline cellulose
nano-units and between these elements. A shell of noncrystalline cellulose
chains passes around neighboring microfibrils to produce a microfibril band

Fig. 2 Shape and structure of BC. a molecular cellulose chain, b scanning electron mi-
croscopy (SEM) of freeze-dried nanofiber network (magnification 10 000), c pellicle of
bacterial nanocellulose from common static culture
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Fig. 3 Model of initially hydrated BC fibrils. Reprinted with permission from [1]

(ribbon) with a width of about 0.5 µm. The arrangement of these microfibrils
and ribbons is shown in Fig. 3 and also demonstrated in Fig. 8.

Both bacterial and native plant cellulose (so called cellulose I) coexist in
two crystal modifications Iα (triclinic) and Iβ (monoclinic). The difference
consists in the H-bonding systems and in the conformation of neighbor-
ing cellulose chains. The Iα/Iβ ratio depends on the origin of the cellu-
lose [13].

As mentioned before, bacterial nanocellulose is characterized by spe-
cific and extraordinary properties based on the accessible hydrated nano-
fibrillated network. Besides the high degree of polymerization and crys-
tallinity, this nanocellulose is especially distinguished by its biocompatibility
and moldability during cultivation (see Sect. 4 for examples) and excellent
mechanical properties (Sect. 3). BC fibers possess a small thermal expansion
coefficient (similar to that of glass), a very high Young’s modulus (134 GPa),
and tensile strength (2 GPa). The latter are in the range of aramid fibres (e.g.
Kevlar) [14, 15].

2.2
Nanocellulose from Wood

In contrast to BC, cellulose from wood is composed of fibers that are about
one hundred times thicker [17] (Fig. 4a). Because of the complex and ex-
pensive cultivation of BC (sophisticated medium and long cultivation time),
it is also a challenge to produce nano-fibrillated celluloses from wood. The
substructures of wood are only accessible by chemical treatment [16] and
mechanical disintegration procedures.

In the last 25 years, there have been efforts to reduce wood fibers in size. As
a first step, in the early 1980s Turbak et al. [18] developed a micro-fibrillated
cellulose (MFC). Today, there are different ways to produce materials with
controlled fiber diameters.
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Fig. 4 SEM of a untreated kraft pulp, b 16 passes through the refiner pulp, c 30 passes
through the refiner pulp. Reprinted with permission from [20]

At first, a water suspension of pulp has to go through a mechanical
treatment that consists of a spring-loaded valve assembly (refiner), where
the slurry is pumped at high pressure. The formed MFC is moderately de-
graded and extremely expanded in surface area. In recent years, cellulose with
a nanoscale web-like structure (Fig. 4c) has been made. The fiber diameters
are in the range 10–100 nm [19, 20]. The degree of fibrillation depends on the
number of passes through the refiner (Fig. 4b, c).

Another technique to prepare wood MFC/nanocellulose is described by
Takahashi et al. [21]. The aim was the creation of strong composites in tension
using hot-pressed fibers without synthetic polymers but with the original
wood components hemicelluloses and lignin as binders. The starting mate-
rial was bamboo because of its high cellulose content. Bamboo fiber bundles
and monofilaments were ground under high-speed conditions using stone
disks. A combination of thermal and alkali pre-treatments, given the appro-
priate ratio of cellulose, hemicelluloses and lignin in the monofilaments, led
to strong adhesion between the fibers under the hot-press conditions.

Suzuki and Hattori [22] treated a pulp with a solid concentration of 1–6%
with a disk refiner more than 10 times. The fibers obtained had a length of
less than 0.2 mm.

There have also been some investigations into the properties of nanocel-
lulose from wood, which has an amazing water-storage capacity, similar to
BC. A dispersion of these cellulose fibers in water with a solid content of only
2% leads to a mechanically stable transparent gel. Further properties of this
nanocellulose will be discussed – in relation to BC – in Sect. 3.2. The wood
nanocellulose fibers are suitable for solidification of emulsion paints and filter
aids, useful for both primary rough filtration and precision filtration [23, 24].
Furthermore, nanocellulose from wood is used in paper-making as a coat-
ing and dye carrier in paper tinting [25, 26]. Moreover, it can be utilized in
the food industry as a thickening agent [27], a gas-barrier and in moisture-
resistant paper laminate for packaging [28]. In cosmetics, wood nanocellulose
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is suitable as an additive in skin-cleansing cloths [29], and as part of disposal
diapers, sanitary napkins and incontinence pads [30]. Possible medical appli-
cations are directed to excipients such as binders, fillers, and/or disintegrants
in the development of solid dosage forms [31].

Besides application in its pure form, it is possible to use nanocellulose
from wood in polymer composites (Sect. 3.2). In embedding tests, the ten-
sile strength of such composites was five times higher than of the original
polymers. This result, as well as its natural origin, make this nanocellulose at-
tractive for combination with different (bio)polymers. Possible applications
for such reinforced (bio)polymers could arise in areas such as medicine, the
food industry, and gardening [19, 20, 32, 33]. In these sectors, properties such
as biodegradability, high mechanical strength, and – where required – optical
transparency are important.

It should also be mentioned that the application of wood nanocellulose
prepared by the described techniques – where the cell wall is further disin-
tegrated by mechanical treatment – leads to lower-strength cellulose fiber-
reinforced composites than in the corresponding BC materials [34].

3
Nanocellulose Membranes and Composites in Technical Applications

Membranes and composites from cellulose and cellulose esters are important
domains in the development and application of these polymer materials. The
most important segment by volume in the chemical processing of cellulose
contains regenerated cellulose fibers, films, and membranes. In the case of the
cellulose esters mainly cellulose nitrate and cellulose acetate as well as novel
high-performance materials created therefrom are widely used as laminates,
composites, optical/photographic films and membranes, or other separation
media, as reviewed in [1]. The previously specified nanocelluloses from bac-
teria and wood tie in with these important potentials and open novel fields of
application.

The direct formation of stable and manageable BC fleeces as the result of
bacterial biosynthesis in the common static culture is significant. This and
their exciting properties described in Sect. 2.1 have led to increasing use of BC
as a membrane material and composite component. Contaminations incorpo-
rated from the culture medium and bacterial cells can be removed from the
BC by smooth purification methods depending on the application area.

One recent example of the formation and application of foils/membranes
of unmodified bacterial nanocellulose is described by George and co-
workers [35]. The processed membrane seems to be of great relevance as
a packaging material in the food industry, where continuous moisture re-
moval and minimal-oxygen-transmission properties play a vital role. The
purity, controllable water capacity, good mechanical stability, and gas-barrier
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properties of BC are important parameters for this application. Therefore, BC
may be an option for plant cellulose foils.

For the purification of the membranes, the common treatment with
0.1–2.0 N aqueous sodium/potassium hydroxide solutions has been com-
pared with the purification of raw BC membranes using aqueous sodium/
potassium carbonate. Whereas hydroxide purification leads to a decrease of
the tensile strength and an elongation of the material this effect is lower in the
case of carbonate treatment. Moreover, the oxygen transmission rate is higher
after carbonate washing.

To open up new application fields, the structure and properties of BC
membranes/composites can be modified by low-molecular organic and in-
organic compounds, including monomers and metals/metal oxides, via car-
bohydrates and polysaccharides, up to different types of other natural and
synthetic polymers.

Compared to nanocellulose from wood, BC has the major advantage of
modifiability during biosynthesis by simple addition of water-soluble com-
pounds to the culture medium (in situ modification).

Moreover, the nanosized fibers of the swollen nanocelluloses can be coated
with different components and the pore system can be loaded with agents
(post-modification). Further methods in this field use well-known procedures

Table 1 Nanocelluloses as membranes in a technical application

Entry Authors Citation Title

1 Amano Y, Kanda T, JP 2005320657 Manufacture of bacterial cellulose
Nozaki K (2005) A2 20051117 with desired shape

2 Slezak A, Polim Med 35:15 Development of Kedem–Katchalsky
Jarzynska M (2005) equations of the transmembrane

transport for binary nonhomogeneous
non-electrolyte solutions

3 Uraki Y (2005) Cell Commun Honeycomb patterned bacterial
12:170 cellulose

4 Levy NLF, WO 2004050986 A process of obtaining a cellulosic
Kurokawa EC, A1 20040617 wet sheet and a membrane and
Podlech PAS (2004) equipment for their manufacture

5 Nishimura T (2004) Kobunshi 53:790 Development of high performance
leukocyte reduction filters based
on ultra-fine non-woven fabric

6 Oshima T, JAERI-Conf Development of a novel adsorbent
Kawasaki M, Ohto K, 2004-014:55 based on bacterial cellulose for
Inoue K (2004) adsorption of rare earth metals

7 Evans BR, O’Neill HM, US 2003113610 Metallization of bacterial cellulose
Jansen VM, A1 20030619 for electrical and electronic
Woodward J (2003) device manufacture
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for polymer modification such as reinforcement, grafting, and interpenetrat-
ing networks.

A survey of the large variety of technical uses of further BC membranes
is shown in Table 1. A more detailed discussion of typical examples of these
nanocelluloses applications is given in the following.

3.1
In Situ Modification

The addition of water-soluble compounds affects the biosynthesis of cellu-
lose chains (polymer formation), and they may also be adsorbed by single
fibers as the nanofiber network is built (crystallization). Moreover, the bacte-
rial cells themselves can be modified.

The cultivation of BC in the presence of N-acetyl glucosamine (GlcNAc)
causes a variation of the polymer formation by the insertion of GlcNAc units.
It is possible to produce very thin membranes of the nanocellulose-chitin hy-
brid formed in this way [36].

Yamanaka et al. [37] described the influence of bioactive organic agents
such as nalidixic acid and chloramphenicol (antibiotics) as well as dithio-
threitol (a reducing reagent) as additives to the BC culture medium. In this
case, not only the crystallization of the fibers and the material properties are
influenced but the Gluconacetobacter cells are themselves also changed.

Using antibiotics in a concentration of 0.1 mM, a 2–5 times elongation
of the cell length was observed due to inhibition of cell division. The fibers
became 1–2 times wider compared to common BC. Because of the better uni-
planar orientation of the wider fibers after pressing of the membranes, the
Young’s modulus of this material increases by up to 34–42%.

In contrast, adding reducing reagents (1.0 mM) leads to a 0.6 times cell
shortening. The fibers will be thinner and – because of the shorter cells – the
number of terminal complexes is also reduced. No variation of properties was
observed compared unmodified BC.

The additive effects on the bacterial cells can be seen in Fig. 5. The modifi-
cation of the BC fibers is shown in Fig. 6.

The addition of carboxymethyl cellulose (CMC) and methyl cellulose (MC)
to the nutrient solution (0.5–2.0 m/v %) effects a change of the fiber and net-
work architecture [38] (Fig. 7). In the first case, the crystallization of the BC
is affected by agglomeration of the CMC onto the fibers during self-assembly.
The additive seems to compete with the BC for hydrogen-binding sites during
ribbon construction [39] (Fig. 7a). In the second case, the adsorption takes
place mainly on the planar ribbons (Fig. 7c).

The water-holding capacity of such CMC and MC composites can be
100 times higher than that of unmodified BC. Besides controlling the water
content, these composites can be stored in the dried state and reswollen be-
fore use, reaching higher water absorption than pure never-dried BC [40].
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Fig. 5 Typical optical micrographs showing the effect of chemical reagents on cell morph-
ology: a control, b nalidixic acid (0.1 mM), c chloramphenicol (0.3 mM), d dithiothreitol
(1.0 mM). Bold arrow bacterial cell, arrow cellulose fibers. Reprinted with permission
from [37]

Fig. 6 Typical atomic force microscopy images showing the effect of chemical reagents on
BC fibers. a–d the same as in Fig. 5; → bacterial cell. Reprinted with permission from [37]
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Fig. 7 SEM (magnification 3000) of freeze-dried BC. a CMC-modified (thicker fibers),
b unmodified, c MC-modified (strong widening of the fiber network under amplification
of the planar layers)

Moreover, these in situ modified CMC/BC composites exhibit good ion-
exchange capacities with specific adsorption ability for lead and uranyl ions.
Their application to ion exchangers has been described [41].

When chitosan is added to the culture medium the BC/chitosan compos-
ites formed include the properties of both components, mainly an extraordi-
nary bactericidal and barrier effect against microorganisms. Therefore, this
modified BC is well suited for wound dressings [42].

By combining BC with hemicelluloses such as xyloglucan, pectin, xylan,
and acetyl glucomannan models for the primary and secondary plant cell wall
could be created [39, 43–45]. When grown in the presence of xyloglucan and
acetyl glucomannan, the ratio between the BC allomorphs Iα/Iβ (Sect. 2.1)
is decreased and the cellulose ribbons also seem to become disrupted and
smaller. During biosynthesis, loose bundles of cellulose microfibrils were
formed. The decrease of crystallite size indicates that, in the case of acetyl glu-
comannan, the tight aggregation of microfibrils to form a ribbon by adhering
to the surface of nascent microfibrils is prevented. Therefore, it may influ-
ence the second and third stages of cellulose ribbon formation (Fig. 8). BC
and xyloglucan were uniformly strained along the sample length, too. Here,
in contrast, the presence of pectin did not lead to any change in the Iα/Iβ ratio
or ribbon width. These latter results are in agreement with those from onion
epidermis [46].

Ishiada et al. [47, 48] investigated a special Gluconacetobacter xylinus
strain directly producing composites of BC and acetan. Acetan is a mixture of
glucose, mannose, glucuronic acid, and rhamnose (in the ratio 4/1/1/1). Their
thesis was that the production of acetan reduces the yield of BC. To increase
the cellulose rate they used a mutant Gluconacetobacter xylinus strain that
had no acetan-producing ability. Surprisingly, BC production did not increase
but actually decreased. When acetan was added to the culture medium of the
mutated strain, the BC crop was almost the same as that from the acetan-
producing strain. An important result of these experiments was that the no
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Fig. 8 Schematic comparison of cellulose structure formation of BC synthesized in
a Hestrin–Schramm (HS) medium (Fig. 3), b glucomannan-modified HS medium.
Reprinted with permission from [44]

acetan producer needs less time to generate the same amount of BC under
these conditions. Experiments with other soluble polysaccharides like xan-
than and agar showed the same results. This indicates that the formation of
BC is not influenced specifically by acetan; an adequately viscous water so-
lution of other polysaccharides has the same effect. A further consequence
of this study is that the amplification of acetan-synthesis genes in such Glu-
conacetobacter xylinus strains can shorten culture times [49].

3.2
Post-Modification

There have been numerous investigations into the subsequent modification of
bacterial and wood nanocelluloses. The additives range from other polysac-
charides, albuminoids such as gelatine, different types of monomers and
synthetic polymers, to metals, metal oxides, and inorganic fibers. On the



Nanocelluloses as Innovative Polymers in Research and Application 63

other hand, if membranes and composites are modified with these nanocel-
luloses, materials with drastically different properties compared to ordinary
fiber-based products can be obtained. For example, materials reinforced
with nanocellulose may find practical application where properties such as
biodegradability are desired.

Yano and Nakahara [15] used accessory polysaccharides to form com-
posites with wood MFC/nanocelluloses. The disintegrated wood celluloses
were mixed with starch as a binder and then hot-pressed between porous
metal plates. Using a starch content of 2 wt %, the bending strength reached
310 MPa, compared to 250 MPa for unmodified fibers. Concurrently, the
Young’s modulus decreased from 16 to 12.5 GPa. When the starch content
was 20 wt %, the bending strength decreased to 270 MPa. This indicates that
added starch may act not only as a binder but also as a plasticizer.

Dubey et al. [50, 51] and Pandey et al. [52] demonstrated by means of im-
pregnation of BC surfaces with chitosan that these modified membranes can
be used for pervaporative separations of EtOH/H2O azeotropes. After drying
the BC (one week under vacuum at 60 ◦C), the coating takes place by dip-
ping the membrane into 1% acetic acid solution of chitosan for 48 h. After
removing, washing several times with distilled water, and drying for 24 h, the
membranes were heated at 60 ◦C under vacuum for about 30 h. These modi-
fied membranes contain 8±2 wt % of chitosan. They are biodegradable and
resistant to alcohols, ketones, aldehydes, hydrocarbons, ethers, and aprotic
solvents as well as dilute acids/bases.

Because of its hydrophilic nature even unmodified BC shows great poten-
tial to separate azeotropes such as EtOH/H2O. It adsorbs seven times more
water than ethanol. This selectivity and a reasonable flux increase with grow-
ing temperature and thinning of the membrane. In addition, the BC mem-
branes also show a high water affinity in aqueous binary mixtures of organic
solvents.

Using two natural polymers, BC and gelatine, Nakayama et al. [53] cre-
ated high-mechanical-strength double-network (DN) hydrogels. The BC was
immersed in an aqueous solution of gelatine that was crosslinked by N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride. This composite
formation led to a substantial improvement of the mechanical properties. De-
spite its high water content (70 wt %) a fracture strength of 5 MPa and an
elastic modulus of 4 MPa could be reached, which is similar to articular carti-
lage. The disadvantages of both components, i.e. the brittleness of the gelatine
gel and the lack of mechanical toughness of the swollen BC, could be com-
pensated (Fig. 9). Combinations of BC with polysaccharides, such as sodium
alginate, gellan gum, and t-carrageenan, showed a similar enhancement in
the mechanical strength.

Nakagaito and co-workers [20, 54] produced composites from wood and
BC nanocelluloses with phenolic resins. The cellulose were used in the form
of sheets that were first impregnated with the phenolic resin, then stacked in
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Fig. 9 Pictures of BC, gelatine, and BC-gelatine DN gels. a before compression, b during
compression, c after 10 min compression, d SEM images of the stratified structure.
Reprinted with permission from [53]

layers and compressed. The bending strength of the wood-based composites
was remarkably high (370 MPa), while in comparison the Young’s modulus
was very low (19 GPa). The BC materials reached bending strengths of up to
425 MPa and a Young’s modulus of 28 GPa. Stress–strain curves of unmodi-
fied sheets of both types showed a significantly higher modulus and strength
in the case of BC. Therefore, additional experiments were made with disinte-
grated BC, which is more similar to the wood product (Fig. 10). These tests
showed bending strengths and Young’s moduli similar to wood-based com-
posites. This means that the high values of the BC-based materials are really
due to the extraordinary network structure of BC, up to now only producible
by nature.

Because elements with diameters less than one tenth of the visible-light
wavelength range are free from light scattering, nanosized fibers such as BC
are considered to be ideal reinforcement agents in optically transparent poly-
mers. Yano et al. [15] and Nogi et al. [55] have developed such BC-reinforced
composites by impregnation of dried BC sheets with acrylic or epoxy resins
and subsequent UV curing. Even with a high fiber content of 60–70 wt % the
composites showed a high degree of transparency, up to 80% (Fig. 11).

Choi and co-workers [56] modified BC with cation-exchangeable acrylic
acid units by UV graft polymerization. For this purpose, the BC was dried
at 80 ◦C, immersed in methanol with benzophenone as a photoinitiator for
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Fig. 10 SEM of the supramolecular structure of a BC pellicle, b disintegrated BC, c MFC.
Reprinted with permission from [54]

Fig. 11 High transparency of a BC nanocomposite demonstrated by the view on a flower
through a corresponding foil. Reprinted with permission from [55]

3 h and air-dried for 30 min. To activate the BC membrane it was irradiated
with UV light for 3 min under a nitrogen atmosphere. After the addition of
an acrylic acid solution, it was treated with UV light for 5–20 min, purified
and stored in NaCl solution. The resulting composite membranes show a ris-
ing density with increasing UV irradiation time because of the anchorage
of the grafted poly(acrylic acid) (Fig. 12). This is combined with a growing
ion-exchange capacity. In addition, the modified membranes exhibit excellent
tensile strength due to the high crystallinity of BC.

To improve the thermal, mechanical, and viscoelastic properties of cellu-
lose acetate butyrate, it was reinforced with nanocellulose crystals prepared
from BC by acid hydrolysis. Using this nanosized cellulose (Sect. 1) a signifi-
cant improvement in the properties of the composites was demonstrated [57].

Besides impregnation with organic agents and polymers, BC can be coated
with metals such as Pd, Au, and Ag. For this purpose, never-dried BC has been
loaded with the respective metal salts by storage in the corresponding aqueous
solutions for 18–24 h at 38 ◦C. After heating the mixture for 2 h and drying,
thin, flexible and thermally stable metal-impregnated membranes were ob-
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Fig. 12 SEM of membrane surfaces. a unmodified BC, b to d poly(acrylic acid)-modified
BC membranes formed by time-dependent UV irradiation (b 5 min. c 10 min. d 20 min).
Reprinted with permission from [56]

tained. The authors assume that their BC possesses reducing activity initiating
the formation of Pd, Au, and Ag from the aqueous solutions of the metal salts.
Dried thin membranes of this type are suitable for the construction of elec-
trode assemblies. Using Pd-modified membranes, the generation of hydrogen
after incubation with sodium dithionite could be realized.

In addition, metal BC can be combined with enzymes immobilized in the
membranes for the design of biosensors and biofuel cells [58, 59].

In a similar way, a well-adhered surface modification of BC fibers can be
achieved with TiO2 nanoparticles (with a diameter of about 10 nm) by the
hydrolysis of titanium tetraisopropanolate adsorbed onto the fibers. It was
observed that the titania-coated surface appears to be dense and have low
porosity and to consist of near-spherical grains. By washing with sodium car-
bonate solution, the TiO2 films were not removed during neutralization. It
seems that the particles have formed strong interactions with BC. The coated
membranes showed substantial bactericidal properties under UV radiation
and white light (containing a small fraction of UV) conditions, too. This effect
is caused by the photocatalytic destruction of the bacterial cells.

Even in the absence of light a decrease in cell growth was observed com-
pared to unmodified BC. These materials are recommended for use as bacte-
ricidal surfaces in medical, healthcare, and hygienic applications [60].
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In addition to sterilizing surfaces, it is possible to produce mesoporous ti-
tania networks consisting of interconnected anatase nanowires by using BC
membranes as natural biotemplates. The coating process is carried out by
dipping the purified BC after solution exchange into a mixture of titanium
tetrabutanolate, acetyl acetone, and isopropanol. After removing the reaction
medium the hydrolysis was finished by storage on air. The obtained BC–
titania hybrid was heated at 500 ◦C, resulting in crystalline titania thin films
under loss of the BC template. The novel titania nanowire networks may find
applications, e.g., as photocatalysts, photovoltaics, and support in bone-tissue
engineering [61].

Katagiri [62] investigated the combination of silica–alumina fibers and
wood MFC/nanocellulose (95/5 wt %). A further development is oil-retaining
sheets with good durability for cleaning rolls [63], which are made from 100
parts inorganic fibers to 5 parts wood MFC/nanocellulose. These sheets are
characterized by a weight of 36.3 g/m2, thickness of 0.21 mm, void volume of
92%, and silicone and oil retention capacity of 0.74 g/cm3.

4
Development of Medical Devices

Supplementary to the technical use of nanocelluloses reviewed in the previous
sections, BC in particular has great potential as a natural biomaterial for the
development of medical devices and applications in healthcare and veterinary
medicine.

Well-known products include wound dressing, temporary skin, and
connective-tissue replacement (BioFill®, Gengiflex®) [7]. Numerous groups
are working on these applications and investigating the healing effect of this
external BC material (Table 2).

As well as being used as a scaffold for tissue engineering, Hutchens
et al. [64] described the creation of a calcium-deficient hydroxyapatite, the
main mineral component of bone. Calcium phosphate particles were pre-
cipitated in BC by consecutive incubation of calcium chloride and sodium
phosphate solutions. Initial tests with osteoblasts in the in vitro evaluation
showed that solid fusion between the material and the bone tissue is possible.
Hence, this material is a good candidate for use as a therapeutic implant to
regenerate bone and heal osseous damage.

In contrast, in experimental and clinical medicine only a few groups have
been active in the research and development of shaped BC as implant bioma-
terial [65–76]. Therefore – from our viewpoint – it is necessary to specify BC
design and handling for medical applications in detail.

The following subsections describe techniques for implantation, biological
reactions in animal body as well as histological and ultrastructural investi-
gations of incorporated BC. The first long-time study of nanocellulose in the
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Table 2 Nanocelluloses as membranes in medical application

Entry Authors Citation Title

1 Slezak A, Polim Med Medical properties of membrane
Kucharzewski M, 35:23 dressings made from bacterial
Jasik-Slezak J cellulose
(2005)

2 Slezak A, Polim Med Biophysical properties of membrane
Jasik-Slezak J, 35:15 dressings made from bacterial
Kucharzewski M cellulose
(2005)

3 Schoenfelder U, Biomaterials Influence of selected wound dressings
Abel M, Wiegand C, 26:6664 on PMN elastase in chronic wound
Klemm D, Elsner P, fluid and their antioxidative potential
Hipler U-C (2005) in vitro

4 Czaja W, Kawecki M, 227th ACS Application of bacterial cellulose
Krystynowicz A, National Meeting, in treatment of second
Wysota K, Sakiel S, Anaheim, CA, and third degree burns
Wroblewski P, Glik J, USA
Bielecki S (2004)

5 Legeza VI, Galenko- Bull Exp Biol Med Effects of new wound dressings on
Yaroshevskii VP, 138:311 healing of thermal burns of the skin
Zinov’ev EV, in acute radiation disease
Paramonov BA,
Kreichman GS,
Turkovskii II,
Gumenyuk ES,
Karnovich AG,
Khripunov AK (2004)

6 Serafica GC (2004) 227th ACS Development of new bioengineered
National Meeting, cellulose wound dressing with
Anaheim, CA, a unique dual fluid handling
USA capability

7 Krystynowicz A, Med Fac The evaluation of usefulness of
Czaja W, Pomorski L, Landbouww Univ microbial cellulose as a wound
Kolodziejczyk M, Gent 65:213 dressing material
Bielecki S (2000)

animal body for the development of artificial blood vessels and other medical
devices of BC will be presented.

4.1
Artificial Blood Vessels

Our investigations on BASYC® (BActerial-SYnthesized Cellulose) as artificial
blood vessel and cuff for nerve suturing [65] are reviewed below. Because of
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the essential shaping and structure design as well as the application of this
innovative biomaterial for experimental surgery we have taken advantages
of the Gluconacetobacter xylinus strain DSM 14666 as a particularly suitable
cellulose factory in the laboratory.

Thus it was demonstrated that BC can be suitably shaped for application
during biosynthesis [77] (Fig. 13). With a patented matrix reservoir technol-
ogy developed for this purpose, it is possible to synthesize cellulose in the
shape of very regularly hollow bodies of different length, wall thickness and
inner diameter (Fig. 14) directly in the culture medium.

The arrow-marked BASYC® tube in Fig. 14 has an inner diameter of
1–3 mm, length of about 5 mm, and wall thickness of 0.7 mm. These param-
eters are sufficient for experimental microsurgical requirements. Figure 15
shows a schematic picture of the cultivation vessel, in which the glass matrix
is immersed in a vertical or horizontal position in a larger volume of nutri-
ent solution. The tube-shaped BC is produced in the nutrient medium, which
has entered between the outer and inner matrices, and is supplied with oxy-
gen by a second opening to the air space. After removal of the tubes from the
culture medium a purification method including washing with water is neces-
sary. By exchanging the swelling agent water with physiological salt solution,
the BASYC® tubes can be stored under cooling.

Fig. 13 Scheme of BASYC® tube formation by Gluconacetobacter xylinus (former Aceto-
bacter xylinus) (DSM 14666) starting from glucose [65]
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Fig. 14 BASYC® tubes with different inside diameter, different wall thickness, and dif-
ferent length. Black lines symbolize the blood stream. → BASYC® tube sufficient for
experimental microsurgical applications. Reprinted with permission from [65]

Fig. 15 Patented matrix-reservoir culture technique producing shaped BC. 1 – reservoir,
2 – culture medium (reservoir and matrix part), 3 – air, 4 – outer matrix, 5 – inner ma-
trix, 6 – space between outer and inner matrix, 7 – spacer, 8 – interaction with reservoir,
9 – interaction with air, 10 – passage, 11 – lid [78]

These biotechnologically formed artificial pipelines with an internal diam-
eter of less than 3 mm (Fig. 14) were investigated for their application as
a new type of biomaterial for surgery on microvessels (microsurgery). This
work is characterized by an intensive cooperative effort between physicians,
chemists and biologists.

The application is derived from new microsurgical techniques that can re-
pair small blood vessels and nerves by sutures with optical equipment. The
well-known synthetic implant materials for conduits of larger vessels (in-
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ner diameter 3–6 mm) made of poly(tetrafluoroethylene), poly(ethylene) and
poly(urethane) have proved insufficient, often resulting in thrombosis.

The wall of the BASYC® tubes consists of BC loaded with water in the
nanofiber network up to 99%. The hollow space of the material transports
water, monovalent ions and small molecules, but not biopolymers or corpus-
cular blood constituents. The stored water not only stabilizes the cellulose
network, but also contributes to the tissue- and hemocompatibility of the
nanocellulose device.

For BASYC® vessel implants, low roughness of the inner surface (feature
size ∼ 15 nm) is especially significant and can be obtained with the matrix
reservoir technique. This degree of roughness is within an order of magni-
tude of that of typical blood vessels in rats. BASYC® bioartificial pipelines also
meet other significant demands for small-vessel replacement: they have a con-
stant shape, are sufficiently stable against internal and external pressure, are
flexible and elastic, and are capable of handling a tight microsurgical suture.

The application of BASYC® as a microvessel endoprosthesis was investi-
gated, e.g., in the case of a typical end-to-end anastomosis using the carotid
artery of the rat. To demonstrate the implantation area of BASYC® a part of
the arterial blood-vessel system of the rat is shown in Fig. 16.

Figure 17 shows an example of microsurgical work with the shaped cel-
lulose material as an interposition implant (end-to-end) immediately after
operation. Early results of investigations of implantation as small vessels of
the rat as an experimental model are described as follows.

Four weeks postoperatively, the experimental animal was anaesthetized
again and re-operated. The inspection of the treated vessel showed that the
carotid-artery BASYC® complex was wrapped with connective tissue, and

Fig. 16 Scheme of arterial blood-vessel system of the rat. The carotid artery at the animal
model is marked. Reprinted with permission from [65]
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Fig. 17 BASYC® interposition in the carotid artery of the rat immediately after microsur-
gical operation. The implant is placed on the tissue and connected with the vessel on both
sides by sutures. Reprinted with permission from [65]

Fig. 18 Carotid artery–BASYC® complex four weeks postoperatively. → anastomosis
areas. Reprinted with permission from [65]

pervaded with small vessels like vasa vasorum. As shown in Fig. 18 the
BASYC® interposition was completely incorporated into the body without any
rejection reaction. The arrows indicate the two anastomosis areas. During
the postoperative period the animals were not treated with anticoagulation
agents. All interpositioned BASYC® tubes had a patency rate of 100% over the
entire investigation time provided that the anastomosis was sufficient. There
were no signs of coagulation or proliferation.

Upon reconnection of a dissected carotid artery with a BASYC® tube, the
internal surface of the BASYC® material becomes completely covered by an
endothelial cell layer after a residence time of four weeks, as determined
by histological examination of the preparation along with a specific test for
endothelial cells (Fig. 19). Blood remnants can be found in the lumen. As ob-
served by scanning electron microscopy (SEM), the complete colonization of
the BASYC® region with endothelial cells covering both parts of the suture
(Fig. 20) can be substantiated. Apparently, the BASYC® material is a good
substrate (matrix) for the anchoring of autogenous cells.
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Fig. 19 Histological preparation (haematoxylin and eosin staining) of square sections.
a BASYC® in the middle region of the interposition four weeks after implantation in the
carotid artery of the rat, b untreated carotid artery of the rat. → endothelial cell layer.
� BASYC® layer

Fig. 20 SEM (sample preparation: critical point drying) of inner surface areas. 1 – BASYC®
in the middle region of the interposition four weeks after implantation in the carotid
artery of the rat with endothelial cells, 2 – BASYC® before incorporation. Reprinted with
permission from [65]

Upon coverage of longitudinally cleaved tubes with bovine endothelial
cells in cell culture tests, a distinct sprouting of the initially spherical cells
takes places within 24 h. SEM shows that the resulting filaments barely differ
from the fibers of BC (Fig. 21). This structure also benefits the rapid endothe-
lial colonization of BASYC®.
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Fig. 21 Longitudinal section of a carotid artery-BASYC®-preparation (SEM examination).
B – BASYC®, ca – carotid artery, vr – vitalized region, ec – endothelial cells, a region of
anastomosis between BASYC® and carotid artery (→ suture material is visible), b dense
endothelial cover on the entire inner surface

The latest results of BASYC® relate to long-term incorporation (1 year) in
the rat. Special interest was directed to investigation of the contact region be-
tween the artificial prosthesis and the newly formed blood vessel. Therefore,
longitudinal sections of the preparation were examined.

The results of the immunohistochemical labeling (CD-31) document
a complete lining with endothelial cells of the inner surface including the
sensitive region of anastomosis (Fig. 22).

SEM investigations confirmed this result. In the top view the complete en-
dothelial cover is visible (Fig. 21). More detailed information was obtained
with the help of transmission electron microscopy (TEM) shown in Fig. 29.

The TEMs revealed a change of material structure in the contact region
with the newly built blood vessel. Beside cellulose we discovered still different
structures in region 1 (Fig. 24a). Branches of fibroblasts, cellular compounds
of the newly built vessel, have penetrated the cellulosic network and in this
way anchored themselves in the artificial vessel prosthesis. Sections of the
fibroblast branches and the contact region are clearly visible (Fig. 24b).

Fig. 22 Longitudinal section of a carotid artery–BASYC® preparation. → CD-31 labeling
for endothelial cells. B – BASYC®, ca – carotid artery, vr – vitalized region, l – lumen
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Fig. 23 SEM and TEM examination of longitudinal sections. a SEM of the ultrafine net-
work structure of BASYC®, b and c TEM pictures of the BASYC® layer

Fig. 24 TEM of BASYC® layer in contact with blood flow. BASYC® layer a with hints to
fibroblast cells, b in contact with blood shows fibroblast body. → contact region to the
blood, fb – fibroblast, 1 – BASYC®, 2 – BASYC® with newly built structures (fibroblast
and collagen), 3 – newly formed vessel, 1 to 2 to 3 – increase of fibroblast detection

Under higher magnification (Fig. 25) it can be proved that the fibroblasts
are active. Active fibroblasts produce collagen. In contrast to the smooth cel-
lulose fibrils the collagen fibrils appear striped.

To complete the study, the inner surface of the vitalized artificial prosthe-
sis was examined. In the TEM a complete endothelial cover facing the blood
stream can be seen (Fig. 26).

The results of the one-year experimental investigations confirm the re-
sults of the four-week studies. The integration processes are in progress. The
homogeneity and the neointima anchorage capability correspond with the
recipient blood vessel, the carotid artery of the rat. The detected collagen con-
firms vital fibroblasts and these induce an increased integration of BASYC®.
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Fig. 25 TEM of the contact region. 2 – BASYC® with newly built structures (fibroblast
and collagen), 3 – newly formed vessel. → cellulose fibers (without striped structures),
� collagen fibers (striped structures), fb – fibroblast, fbb – fibroblast branches (sections)

Fig. 26 TEM of the region of the newly built blood vessel. 3 – newly formed vessel, fb –
fibroblast, ec – endothelial cell, l – lumen

The endothelial cells assume their entire function in the neointima. In all
one-year animals (N = 5) no thrombosis was recognized.

The high patency rate of the small vessels is apparently favored because
of the nature-orientated morphology of BASYC®. These findings are evidence
for a process of integration without degradation (vitalization).

4.2
Cuffs for Nerve Surgery

Upon dissection of the nervus ischiadicus of the rat and subsequent recon-
nection by a typical microsurgical suture, a protective cover (cuff) of BASYC®
prevents connective tissue from growing into the nerve gap and favors the ad-
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hesion of the fascicles, which facilitates early regeneration of the nerve and
rapid return of the muscle function. The good incorporation of BC-forming
connective tissue on the surface of the protective cover is particularly note-
worthy (Fig. 27).

After the observation time from 4 to 26 weeks postoperatively the BASYC®
tube was covered with connective tissue and small vessels within (Fig. 27b).
Neither an inflammation reaction nor an encapsulation of the implant was
observed. The regeneration of nerve function improved after 10 weeks, com-
pared to an uncovered anastomosed nerve. As an indicator of the regenera-
tion of nerve function the increasing muscle weight of the musculus extensor
digitorum longus (EDL) of the rat was determined. Another indicator was
the reappearance of acetylcholine as the transmitter of nerve impulses to
the executive organ. This agent was indirectly detected by determination
of the activity of acetylcholinesterase using Gomori’s method of acetylthio-
cholineiodid staining [79].

Using the aforementioned animal model (sciatic nerve/EDL), in another
experiment BASYC® served as a drug depot for a substance with neurore-
generative properties (experiments were carried out in cooperation with the
Max Planck Research Unit, Enzymology of Protein Folding, Halle/Saale, Ger-
many) [80]. Immediately after nerve reconstruction the substance was ap-
plied to the anastomosis and stored in the BASYC® cover. For comparison
a placebo was examined likewise. At the end of the observation time (8 and
10 weeks) the EDLs were removed and the muscle weight was determined.
In comparison to the placebo the tested substance caused quicker return of
innervation, measured by the muscle weight. In addition to the method of
muscle-weight determination, the functional recuperation of the paralyzed
legs was evaluated by the observation of the walking behavior. These results
correspond to those of the muscle-weight determination.

Fig. 27 Application of a BASYC® tube in micronerve surgery. a sciatic nerve of the rat with
a BASYC® tube as prospective cover immediately after operation, b sciatic nerve of the rat
with the BASYC® cover 10 weeks after operation. Reprinted with permission from [65]
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4.3
Microsurgical Model for Training

The successful application of the microsurgical operation technique (manip-
ulation under microscope with 20–30 times magnification of the anatomical
structure) is impossible without intensive microsurgical training. For rea-
sons of animal protection it is necessary to use simple models consisting of
rubber membranes or plastic tubes in the first step. These models are very
easy to handle but they do not however permit a close-to-reality training of
microsurgical anastomosis techniques. Besides the preparation of sufficient
anastomosis, careful handling with living tissue is an important requirement
for the success of microsurgical operations. Bruising and stretching of the mi-
crovessel are traumatizing and result in damage to the vessel wall [81]. These
are limiting factors for successful anastomosis together with lesions caused by
temporary vessel occlusion with microclips [82–86].

Under this criterion we developed a new model that enables training of all
microsurgical techniques by copying conditions in the living organism.

The BASYC® tubes are integrated components of the model system. The
practice unit permits optimal and close-to-reality training, i.e. manipulation
and anastomosis in a wet milieu. Incorrect handling with microsurgical in-

Fig. 28 Training of different microsurgical suture techniques with the help of BASYC®.
a end-to-end anastomosis (single knot suture), b end-in-end anastomosis, c end-to-end
anastomosis (continuous suture), d end-to-side anastomosis. Reprinted with permission
from [65]



Nanocelluloses as Innovative Polymers in Research and Application 79

struments results in visible changes of the shape of the BASYC® tube, as in
a natural vessel.

Consequently, the model leads to improve discipline in terms of careful
preparation and operation.

In Fig. 28 some techniques are shown. The training model was used suc-
cessfully in practical microsurgical courses and reduces the number of experi-
mental animals necessary.

4.4
Present State and Trends

Implantation materials, which are in direct contact with blood, have to meet
a particularly large range of requirements: bio- and blood compatibility, me-
chanical strength against blood pressure, impermeability to the blood and
its constituents, and sterilizability. In addition, the healing process that takes
place on the inner and the outer surface of the artificial vessel is very dif-
ferent. The inner surface of the biomaterial should not stimulate adhesion
of cellular blood components but should be covered with endothelial cells,
whereas the outer surface of the prosthesis should be wrapped with connec-
tive tissue.

Commercial human prosthesis materials such as poly(tetrafluoroethylene)/
PTFE (Teflon®, Gore-Tex®), poly(ethylene terephthalate)/PET (Dacron®),
poly(urethane) or silicone, which are applied in heart, vessel and thorax
surgery with an inner vessel diameter of greater than 3 mm are unsuitable for
microsurgical requirements. According to the definition microvessels have an
inner diameter smaller than 3 mm. In a lot of publications experimental stud-
ies of the short- and long-time behavior of synthetic small-caliber prosthetic
grafts (3–6 mm) have been reported. Because of the high risk of thrombo-
sis these grafts have not, to date, been used in clinical applications [87–96].
A recent solution is the autogenous transfer of veins for small-vessel recon-
struction. Reasons for failures in synthetic implants are seen in a hypoplasia
of the intima in the region of anastomosis, an extensive perivascular fi-
brosis or high thrombogenity of the implanted material [97, 98]. Greisler
and co-workers described that fabrication of poly(propylene) into an ar-
terial substitute might result in an efficacious prostheses because of the
physical properties (e.g. high tensile strength) and relatively inert behav-
ior of the material. After implantation in the abdominal aorta of dogs, the
authors determined better late patency for poly(propylene) grafts (4 mm
I.D. ×50 mm in length) than for Dacron® and ePTFE. In one month, a con-
fluent endothelialized surface was seen in all explants with a homogenous
surface [99].

Expensive attempts were made to optimize the inner surface of the implant
materials. The scientific work is concentrated on the development of suitable
coatings based on proteins such as collagen [100, 101], gelatine [101–103] and
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albumin [101, 104, 105] as well as chitosan–poly(vinylalcohol) blends [106],
heparin [97], or hyaluronic acid [107]. Further investigations included the
transplantation of endothelial cells onto the surface of the endoprosthe-
ses [108–116]. In addition, the fixation of cell receptors or growth fac-
tors [117–119] onto coating materials is an interesting development in the
field of biomaterial research.

Our animal experiments demonstrate that the structure and properties of
the cellulosic microvessel endoprosthesis material cause rapid adhesion and
optimal coating with autogenous cells in the living body [66–74, 120–125].

The results of initial experimental applications in microsurgery and micro-
surgical training substantiate the remarkable advantages of this nanostruc-
tured polysaccharide: handling in an easy and practice-orientated way, blood
and tissue compatibility, consistency comparable to that of the blood vessel,
and vitalization in the living body.

The test of BASYC® tubes as small-vessel prosthesis for other artificial
pipelines (arteries, veins, lymph, and urine leading vessels) is under progress.
Initial results of the implantation of BASYC® material into jugular veins of
10 white rats showed no complications such as wall-proliferation, stenosis or
thrombosis. A normal blood flow through the interposition as well as the
formation of connective tissue around it were detectable 4 and 12 weeks, re-
spectively, after the operation [124].

Besides the promising use of BASYC® in experimental vascular surgery
we see the possibility for the application of BC as a soft-tissue substitution
material in various medical fields because of its extraordinary properties.

Internal medicine, urology, gynecology, otolaryngology, maxillofacial and
plastic surgery could be potential users of this designed nanocellulose. For
this reason, hollow cellulose tubes with different inside diameter and differ-
ent wall thickness have been prepared in micro-dimensions. Figure 14 shows
a collection of BASYC® tubes. Foils, patches, and other shapes are possible,
too.

The immobilization of biologically active substances within the cellulosic
network structure to optimize healing and regeneration processes as well as
to test the potential pharmaceutical suitability of natural or synthetic sub-
stances are also study points for the future.

5
Bacterial Nanocellulose in Veterinary Medicine and in Cosmetics

5.1
Animal Wound Dressing

In veterinary practice, wounded animals often appear and their treatment
is complicated because of bacterial infections. This section describes clin-
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ical experiences with wounds to horses and sheep. In the case of horses,
the wounds are larger, usually contaminated and have a tendency to hyper-
granulation. A further significant problem in this kind of animals is stable
fixation of the treatment material, e.g., on the legs, as the horses are very
restless.

• Wound characteristics
Because animal wounds are usually extensively damaged and contami-
nated a primary wound dressing is often not successful. The damaged skin
will become necrotic in a few days and stitches are not stable. Further-
more, in distal limbs with lower blood circulation, higher tension at the
edges, lower temperatures, and hyperplastic granulation, delayed healing
occurs.
These kinds of wounds will be closed in the secondary healing processes,
where the formation of granulation tissue first takes place. Covering with
epithelium is the final stage of wound healing. Often such secondary heal-
ing processes take a long time and require a lot of material [126].

• Wound treatment
One aim of modern wound treatment with new materials is the reduction
of infection and the normalization of healing. In veterinary medicine, ex-
perience with such optimized materials are limited and conclusions are
contradictory. Some investigations have been carried out on the leg of
horses, but – in comparison with other animals or kinds of wounds – these
show different healing processes characteristics [127–133]. The majority
of clinical trials introduce modern wound-treatment materials applied in
human medicine to veterinary practice. These studies show positive re-
sults [134–136].
In principle, there are two different forms of wound treatment, under
dry conditions and in a damp atmosphere. In the latter case, the rate of
epithelial proliferation is increased. Around the wound, a specific micro-
climate will develop that is important for a more natural course of the
healing process [137–139]. Such wound-treating materials allow gas ex-
change, the absorption of exudate from the wounds, and a long-time sta-
ble damp atmosphere [140, 141]. In these wound dressings semi-occlusive
and occlusive wound bandages are used. Because of the lower know-
ledge in animal wound dressing, applications in veterinary medicine need
currently more detailed work than in highly developed human medical
treatment [7, 142].
From this viewpoint, larger experiments were realized at the fzmb using
BC wound dressings, mainly with horses and sheep.

Application to horses was carried out in veterinary hospitals within the
bounds of possibility in the course of normal treatment (Fig. 29).

The randomized study with sheep was the subject of a special animal
experiment (Fig. 30). Comparable artificial wounds were created and the
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Fig. 29 Wound treatment of horses. a wound after accident, b wound with the BC dressing

Fig. 30 Wound healing of sheep. a fresh artificial wound (day 0), b wound area after
treatment with BC dressing (day 30)

process of healing was controlled. In this way, the permeability to microor-
ganisms, the extent of wound bleeding, and the characteristics (duration and
degree) of the healing process were investigated. Furthermore, the contribu-
tion of epithelial proliferation rate, microbial contamination of the wounds,
wound contraction, area of the epithelium formed as well as the area of the
granulation tissue, wound swelling, and mathematically derived parameters
for statistical evaluation were studied [126, 127, 129, 131, 133, 143–149].

The healing process of BC-treated wounds was compared with sheep
wounds treated with the registered products Comfeel plus® [135] and Ve-
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tisept®, the latter product containing a combination of poly(vinylpyrrolidone)
and iodine. It is known that the bactericidal activity of this ointment is inten-
sive and has a long-time effectiveness.

During clinical practice with horses as well as the experiment with sheep
the dressings were changed each third day. The main results of the experi-
ments with sheep are presented in Tables 3–5 as well as in [150–152]. The data
obtained are summarized as follows (Table 6):

• Wounds covered with hydrocolloid Comfeel plus® healed significantly
faster than with BC or the bactericidal ointment (Table 3).

• Wounds treated with BC did not show any retraction but a significant con-
traction with a clearly slower rate of epithelial proliferation.

• Removing BC layers that, due to desiccation, had adhered to the wound
margin resulted in an often painful dressing change for the sheep. Further-
more, the newly grown epithelium of the skin seemed to be irritated by the
removal, thus prolonging the healing of the wounds.
By preventing the desiccation of the BC during the treatment, sticking to
the wound margin and the subsequent prolongation of the healing pro-
cess could be avoided. Using thicker layers of BC or covering the dressed
wound with a poly(urethane) foil seems the most suitable method to
achieve this effect.

• Unlike the wounds treated with BC and bactericidal ointment the wounds
covered with the hydrocolloid Comfeel plus® were highly contaminated
with several bacteria (Tables 4 and 5). The growing microorganisms were
members of both pathogenic and non-pathogenic groups.

The low number of microorganisms under the Vetispet® is due to the
application of iodine as a strong bactericidal component. Particularly con-
spicuous is the extremely low number of microorganisms growing under the
BC and the small number of pathogenic bacterial strains as well as of gram-
negative species (Table 6).

This is understandable from the viewpoint of the special biopolymer struc-
ture of BC. Its high humidity and water content is important for the develop-
ment of a specific atmosphere at the wounds.

For other polysaccharides such as chitosan a high antimicrobial ac-
tivity has been described – mainly against Escherichia coli and Staphy-
lococcus aureus [153, 154]. This activity of chitosan is the basis for the
development of materials for wound healing, e.g., in combination with
N,O-(carboxymethyl)chitosan and collagen [155].

Contrary to the results of the sheep experiments, in the case of horses no
covering between the BC and the wound surface was detectable. During dress-
ing changes a yellowish creamy liquid appears (wound exudation, with only
low numbers of microorganisms). Rapid formation of healthy granulations
was detectable so that the wound healing process was faster. No more than
45–50% of the horses showed hypergranulations. This had to be removed sur-
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Table 3 Course of wound contraction with respect to the wound area at day 0 using
different dressing materials for induction of the wound healing in sheep [150]

Dressing material Wound contraction (%)
Day 0 3 6 9 12 15

Vetisept® 0 12 10 2 23 33
BC 0 4 10 21 38 50
Comfeel plus® 0 12 – 5 18 30 43

Table 4 Bacterial growth under different dressing materials for induction of wound
healing in contaminated sheep wounds of sheep (semiquantitative analysis). Growth of
bacteria per day [150]

Dressing material Bacterial growth
Day 0 3 6 9

% Mean a % Mean a % Mean a % Mean a

Vetisept® 4 (+) 29 (+) 29 + 29 +++
BC 17 (+) 46 (+) 29 + 29 +
Comfeel plus® 21 (+) 100 +++ 100 ++++ 100 ++++

a – no growth, (+) absolutely low growth, + low growth, ++ growth, +++ strong growth,
++++ very strong growth, R Spread over the whole Petri dishes

gically only in some cases. These clinical experiences show conspicuously few
disorders in wound healing in the case of horses.

BC is a good material not only for wound treatment and other fields of vet-
erinary medicine, but also as a scaffold material for cell cultivation in tissue
engineering [156, 157]. On such scaffolds the fzmb has cultivated the follow-
ing cell types successfully: human osteoblasts, human osteogenic sarcoma
cells (SAOS-2), equine osteoblast lines and chondrocytes, and mesenchymal
stem cells.

It could be demonstrated that BC is biocompatible and a stable basis for
further research in tissue engineering and also the development of new tech-
nological variants for veterinary medicine.

In practice, further important aspects of BC are the focus of interest, con-
cerning cooling of overtaxed muscles and particularly wound treatment of
animals such as horses, sheep, cows, cats, and dogs. Extremely highly infected
wounds are frequent in dogs after car crashes or similar accidents [143]. Fur-
thermore, treatment of badly healing and permanent wounds, e.g., ulcers, and
in the clinical and home-care sector both for human and veterinary medicine,
as well as specific applications in tissue engineering will be major future
developments.
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Table 5 Semi-quantitative investigation of the bacterial species using different dressing
materials

Dressing Species a Concentration
material (mean values b)

Vetisept® c Several species of unproblematic Cocci (+)– +
(not haemolytic)
Sporulating bacteria (unproblematic) +
E. coli (+)– +++
Sporulating bacteria, haemolytic +++
Staphylococcus intermedius +
Micrococcus sedentarius ++ –R
Actinomyces pyogenes (gram-positive rods,
haemolytic, in only one case) +++
Staphylococcus xylosus

BC d Several species of unproblematic Cocci
(not haemolytic) (+)
Aerococcus viridans (+)
Sporulating bacteria (unproblematic) (+)
Enterobacter gesgoriae ++
Staphylococcus felis +++
E. coli ++
Actinomyces pyogenes (gram-positive rods, +++
haemolytic, in only one case) (R)

Comfeel plus® e Gram-negative Cocci (+)–R
Sporulating bacteria (unproblematic) (+)– ++++
Staphylococcus intermedius R
Streptococcus uberis +++
E. coli +++ –R
Cocci, haemolytic ++++
Sporulating bacteria, haemolytic + – ++
Enterobacteriaceae ++
Enterococcus faecium +++
Streptococcus parasanguis ++++
Actinomyces pyogenes (gram-positive rods, +++ –R
haemolytic)

a A list of all the kinds of microorganisms detected under the dressing material. The main
species are in bold
b – no growth, (+) very low growth, + low growth, ++ growth, +++ strong growth, ++++
very strong growth, R: spread over the whole Petri dish
c The species were not found in all samples and in some cases no significant contamina-
tion was detected
d The species were only found in a small number of samples and in most cases no signifi-
cant contamination was detected
e After the third day of the experiment these microorganisms were detectable in all tested
samples. The concentrations found were high in all cases
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Table 6 Summarized results of the experiment with sheep and a comparison of the effects
of all dressing materials for induction of wound healing [150]

Entry BC Vetisept® Comfeel plus®

1 Adhesion to the Adhesion to the Removal of the dressing
wound margin wound bottom material without alteration

of the wound surface
2 Painfull dressing change Painfull dressing change
3 Tearing by removal
4 Mild or medium Medium bleeding Very slight bleeding

bleeding
5 Wound secretion not Wound secretion not Wound secretion

completely absorbed completely absorbed completely absorbed
6 Retraction
7 Slight bacterial Slight bacterial Strong bacterial

contamination (not in contamination contamination
all tested samples)

8 Strong swelling of
the wound

9 Hypergranulations
10 Incrustation
11 Short-time epithelization.

Fast wound healing
12 Healing response by Healing response by Equal participation of

wound contraction epithelial proliferation contraction and
epithelial proliferation

5.2
Cosmetic Tissues

Because of its extraordinary properties such as mechanical stability, high wet-
ness with a water content of over 95%, and high purity, BC is an important
material for applications in the cosmetic sector. For instance, two cosmetic
tissue products are successful on the market: a series of masks based on
BioCellulose and the mask basis material NanoMasque®. Both tissues are pro-
duced from pure BC and alternatively impregnated with active substances
applied in cosmetics such as plant extracts, extracts from algae, essential oils,
and panthenol. The additives are bound inside the cellulose matrix, e.g., by
hydrogen bonds. These bonds are selective enough to localize the substances
in the matrix as well as to allow their migration into the skin during applica-
tion (Fig. 31).

For the preparation and use of BC as a carrier in cosmetics the following
main conditions have to be considered:
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Fig. 31 Example of cosmetic application of NanoMasque®. a treatment of the skin,
b NanoMasque® material

• Washing and cleaning
For the purification of this biopolymer no treatment with bases (e.g.,
sodium or potassium hydroxide) should be carried out. Traces of alkaline
hydroxides can accumulate inside the polymer and can induce irritation
of the skin. Other possibilities for successful washing and cleaning of BC
are described in a patent. The authors have used solutions with an alkaline
reaction – but free of bases – and list medical application [158].

• Endotoxin test
After purification the homogeneity of BC is proved by an endotoxin test
using an E-TOXATE®-Kit (Sigma–Aldrich) [158]. The results demonstrate
that the biopolymer is free of endotoxins.

• Biocompatibility
Investigations of the biocompatibility of BC are carried out using two
methods: cell culture and clinical examination.
Using human keratinocytes (HaCaT cells) to determine the direct interac-
tion of purified BC with cells in culture, good biocompatibility of BC with
cells was shown, with no cytotoxicity effects.
Several randomized studies with humans have been realized: a human
patch test for 72 h and a repetitive epicutaneous test for six weeks, as
well as tests on the influence of BC on the moistness of the skin after
short-term treatment (20 min, measuring of moistness up to 12 h after
treatment). The results demonstrate that the applied BC will not cause
any unwanted skin reactions due to irritating, sensitizing or early allergic
effects and that the biopolymer is safe for this indication. An additional
finding was that the moistness of the treated skin was significantly higher
than in untreated areas [159–161].
Based on these results, an application of materials based on purified BC,
e.g., as NanoMasque®, in the field of cosmetic treatment is possible.
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6
Further Examples of Nanocellulose Application

In the previous sections, the application potential and the use of nanocellu-
loses as technical materials as devices in human and veterinary medicine as
well as cosmetics have been described. Because of the exceptional properties
of these innovative polymers more widespread utilization has been observed
in recent years. In this section some additional and quite different examples
will be reported. Further information can bee found in Table 7.

A classical and growing field is the usage of BC in the food industry. Lin
and Lin [162], for example, have developed Chinese-style meatballs contain-
ing BC. These balls (also known as kung-wan) are a very typical emulsified
meat product. After cooking in water they are ready to eat directly. Because
of its unique suspending, thickening, water-holding, stabilizing, bulking, and
fluid properties bacterial nanocellulose is a very suitable and versatile ingre-
dient in this case, and for processing other foods. The addition of BC occurs
in a vacuum emulsifier when mixing all components. Important features of
this application are: a reduction in food retention in the intestine and an
increase in bile acid secretion as well as a lowering of cholesterol and triacyl-
glycerol levels in animal experiments.

BC added to ice cream can serve as a stabilizer. Zhou et al. [163] found that
BC was the best ingredient for ice cream to resist meltdown and heat stock.

A completely different application of BC is the manufacturing of biosen-
sors. For successful employment in biosensor use, biocatalysts have to be
immobilized in biocompatible matrices that stabilize structure and preserve
activity while providing electronic connections. Photosynthetic protein com-
plexes from higher plants and green algae are membrane-bound complexes
that may be useful as nanoscale light sensors. These photo-systems show par-
ticular problems such as loss of activity due to sensitivity to chemicals and
light. Therefore, a medium that allows transmission of visible light in the
required range is needed. BC, synthesized by the bacterium Gluconacetobac-
ter hansenii, was used as a matrix for the immobilization of the described
components. This system can be doped with metals and ceramics or used as
coatings on electrode surfaces [164].

7
Conclusion

The aim of the paper was to demonstrate the current state of research and de-
velopment in the field of nanocelluloses on the basis of selected examples. The
extraordinary supramolecular nanofiber network structure and the resulting
valuable properties have led to a real challenge and extensive global activ-
ity. It is the intention of this work to broaden knowledge in this subject area
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Table 7 Some special applications of nanocelluloses

Entry Authors Citation Publication

1 Helenius G, Backdahl H, J Biomed Mater Res In vivo biocompatibility
Bodin A, Nannmark U, (Part A) 76:431 of bacterial cellulose
Gatenholm P,
Risberg B (2006)

2 Ono H, Nakamura M, WO 2006004012 Cellulose nonwoven
Hayashi M (2006) A1 20060112 fabrics with high

porosity
3 Bielecki S, WO 2005003366 A method for the

Krystynowicz A, A1 20050113 production of bacterial
Czaja W (2005) cellulose

4 Bodin A, Backdahl H, 229th ACS National Bacterial cellulose as
Helenius G, Meeting, San Diego, scaffold for tissue
Gustafsson L, CA, United States engineering
Risberg B,
Gatenholm P (2005)

5 Dai Y (2005) CN 1664027 Digital jet-printing ink
A 20050907 composition and its

production
6 Ek R, Mihranyan A, US 2005053665 Nicotine formulations

Andersson S-B, A1 20050310 containing cellulose
Bosson B, Lindberg N-O
(2005)

7 Kiyota Y, Konishi A, JP 2005279074 Hemostatic patches
Uematsu T (2005) A2 20051013 containing blood cell-

impermeable fine fiber
structure

8 Sato K (2005) JP 2005283567 Protein chip using bacteria
A2 20051013 cellulose and lipid bilayer

9 Tabuchi M, Baba Y Anal Chem 77:7090 Design for DNA separation
(2005) medium using bacterial

cellulose fibrils
10 Tabuchi M, Kobayashi K, Lab Chip 5:1412 Bio-sensing on a chip

Fujimoto M, Baba Y with compact discs and
(2005) nanofibers

11 Basler EA, Dadang S, JP 2004201590 Microbial cellulose gels,
Kondo K, Tanito M A2 20040722 their manufacture, and use
(2004) for food materials

12 Ng C-C, Shyu Y-T (2004) World J Microbiol Development and production
Biotechnol 20:875 of cholesterol-lowering

Monascus-nata complex
13 Sato K (2004) JP 2004271540 Protein chip

A2 20040930
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Table 7 (continued)

Entry Authors Citation Publication

14 Tsukada T, JP 2004014592 Separator for double
Midorikawa M (2004) A2 20040115 layer capacitor

15 Martin M, Evans B, Appl Opt 42:6174 Laser-induced breakdown
O’Neill H, Woodward J spectroscopy used to detect
(2003) palladium and silver metal

dispersed in bacterial
cellulose membranes

16 Tsukada T, JP 2003347166 Capacitor separators with
Midorikawa M (2003) A2 20031205 suppressed internal

resistivity and long life

17 Butterfield DA, Anal Chim Acta Electron paramagnetic
Colvin J, Liu J, 470:29 resonance spin label titration:
Wang J, Bachas L, a novel method to investigate
Bhattacharrya D random and site-specific
(2002) immobilization of enzymes

onto polymeric membranes
with different properties

18 Jung H, Wilson DB, Biotechnol Bioeng Binding mechanisms for
Walker LP (2002) 80:380 Thermobifida fusca Cel5A,

Cel6B, and Cel48A cellulose-
binding modules on bacterial
microcrystalline cellulose

19 Serafica G, Appl Microbiol Inclusion of solid particles
Mormino R, Bungay H Biotechnol 58:756 in bacterial cellulose
(2002)

20 Shao W, Tang M, Shipin Kexue 23:167 Study on application of
Li S, Xiong Z (2002) bacterial cellulose in

fermented soy milk ice cream
21 Herbert W, Chanzy HD, WO 2001025470 Cellulose films for

Ernst S, Schuelein M, A1 20010412 screening
Husum TL, Kongsbak L
(2001)

22 Krystynowicz A, Prog Biotechnol 17 Application of bacterial
Bielecki S, Czaja W, (Food Biotechnology): cellulose for clarification
Rzyska M (2000) 323 of fruit juices

23 Sheu F, Wang CL, J Food Sci Fermentation of Monascus
Shyu YT (2000) 65:342 purpureus on bacterial

cellulose-nata and the
color stability of
Monascus-nata complex
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and stimulate the practical application of nanocelluloses. From the scientific
and economic viewpoint, these innovative polymers, which are exciting ex-
amples of the large and significant biopolymer family of cellulosics, are on the
threshold of a breakthrough that is also being driven by recent extraordinary
activities in the field of nanosized materials.

Moreover, if cellulose-forming bacteria could be cultivated on a large in-
dustrial scale, the requirements for cellulose could be satisfied entirely from
this source in the future.
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Abstract This review surveys advances in current studies of a variety of polymer compo-
sitional materials based on cellulose and related polysaccharides, the major studies being
directed toward elaborate designs of environmentally conformable and/or biocompatible
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materials or highly functionalized material systems for many-faceted prospective applica-
tions. The scope covers graft copolymerization, miscible or compatible polymer blending
and interpenetration, nanohybridization with inorganic minerals, surface modification
of matrices, and mesoscopic self-assembling such as the formation of liquid crystals.
In each individual case, it will be shown that cellulosic polysaccharides are microscopi-
cally incorporated and cooperatively interact with other adequate polymeric or inorganic
ingredients to attain some functional objective. However, essential factors are the in-
herent characteristics of cellulosic polymers, such as the reactivity allowing hydroxyl
substitution, hydrogen-bonding formability, complexing ability, semi-rigidity, chirality,
etc. Material functionalities arousing interest include highly controllable biodegradability
coupled with ease of processing for relatively common use as consumables, and further
extensions for special uses, from mechanical and adsorptive performance to use in novel
optical, electro-optical, and ion-conductive devices, etc.

Keywords Cellulose · Polysaccharides · Functionalization · Microcomposition ·
Graft copolymers · Polymer blends · Naonocomposites · Liquid crystals

Abbreviations
AFM Atomic force microscopy
ATR-FTIR Attenuated total-reflection Fourier-transform infrared spectroscopy
ATRP Atom-transfer radical polymerization
BC Bacterial cellulose
CA Cellulose acetate
CAB Cellulose acetate butyrate
CAP Cellulose acetate propionate
CAPh Cellulose acetate hydrogen phthalate
CB Cellulose butyrate
CELL Cellulose
CE Cellulose ester
CL ε-Caprolactone
CMC Carboxymethyl cellulose
CP Cellulose propionate
CTC Cellulose tricarbanilate
CV Cellulose valerate
DCA Dichloroacetic acid
DD Degree of deacetylation
∆Hf Enthalpy of fusion
DMAc-LiCl N,N-Dimethylacetamide-lithium chloride
DMSO Dimethyl sulfoxide
DS Degree of substitution
DSC Differential scanning calorimetry
EC Ethyl cellulose
(E-CE)C Ethyl-cyanoethyl cellulose
ETBE Ethyl tert-butyl ether
H Applied magnetic field
HAp Hydroxyapatite
Hc Coercive force
HECA Hydroxyethyl cellulose acetate
HPC Hydroxypropyl cellulose
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IPN Interpenetrating network
LA D,L-lactic acid
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LDH Layered double hydroxide
M Magnetization
MA Methyl acrylate
MMA Methyl methacrylate
Mr Remanent magnetization
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MS Molar substitution
Ms Saturation magnetization
NCA N-Carboxy α-amino acid anhydride
NMMO N-Methylmorpholine N-oxide
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PAN Poly(acrylonitrile)
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P26ClPTA Poly(2,6-dichloro-1,4-phenylene terephthalamide)
PDMAm Poly(N,N-dimethylacrylamide)
PEG Poly(ethylene glycol)
PEO Poly(ethylene oxide)
PF Paraformaldehyde
PHA Poly(hydroxyalkanoate)
PHB Poly(3-hydroxybutyrate)
PHBV Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
PLA Poly(lactic acid)
PLLA Poly(L-lactic acid) or poly(L-lactide)
PMMA Poly(methyl methacrylate)
PVA Poly(vinyl alcohol)
PVAc Poly(vinyl acetate)
PVP Poly(N-vinyl pyrrolidone)
P(VP-co-GMA) Poly(N-vinyl pyrrolidone-co-glycidyl methacrylate)
P(VP-co-VAc) Poly(N-vinyl pyrrolidone-co-vinyl acetate)
PVPh Poly(vinyl phenol)
P4VPy Poly(4-vinylpyridine)
SnOct2 Tin octoate (or tin(II) 2-ethylhexanoate)
SPM Superparamagnetic
TH

1ρ Proton spin-lattice relaxation time in the rotating frame
t-BuOK Potassium tert-butoxide
Tc Cloud point
TEC Triethyl citrate
TEOS Tetraethylorthosilicate
Tg Glass-transition temperature
THF Tetrahydrofuran
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TMS Trimethylsilyl
TPEOCELL 6-O-Trityl-2,3-O-diPEOcellulose
VA Vinyl alcohol
WISE Wide line separation
λM Wavelength of maximum light reflectance

1
Introduction

Progressively since the middle of the 1980s, naturally occurring polysaccha-
rides, represented by cellulose and its relatives, have been reevaluated not
only as sustainable resources but also as fascinating chemicals with various
uses as materials. It is now better recognized that these are environmentally
conformable substances and that they possess great potential to be developed
for new industrial applications in themselves or in combination with supple-
mentary ingredients.

Natural polysaccharides from plant, or sometimes animal, sources ex-
hibit a range of characteristics at the molecular and supramolecular lev-
els, in addition to their obvious availability and renewability. Their charac-
teristics at the structural level are associated with their hydrogen-bonding
ability, side-group reactivity, which can be modified covalently or by ionic
bonds, enzymatic degradability, chirality, semi-rigidity, etc. Examples of the
higher-order structure involve their ability to form fibrous crystalline enti-
ties, chelate complexes, lyo-gels, liquid crystals, etc., which are mostly en-
abled by innate molecular characteristics. On the basis of accurate under-
standing of these characteristics, advanced use of polysaccharides beyond
their traditional role as commodities in clothing, paper, and foodstuff is
desirable.

Designing of highly functionalized materials based on carbohydrate poly-
mers via multicomposition is a useful approach. The dimension of the multi-
composing objects can range from the gross bulk level (> 10–3 m) to a single
molecule (< 10–8 m), but in view of the hierarchy of biological resources, the
derivatization or modification of materials will be significant at several spe-
cific structure levels.

For convenience, multicomponent polymeric materials based on cellu-
losics may be grouped into three classes, namely: (a) combinations of wood
with plastics (WPC), (b) mechanical mixtures in the form of fibers, such as
cotton/polyester staple-mixed fibers and cellulosic fiber-filled polymer sheets,
and (c) incorporations of cellulosics at a hyperfine structural level. The latter
can be further ramified, for instance as follows:

• novel graft copolymers such as cellulose-graft-poly(hydroxyalkanoate)s;
• miscible or compatible blends of cellulose/synthetic polymers;
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• interpenetrating cellulose/polymer networks;
• biodegradable or biocompatible polyester blends with cellulosics;
• fibrillar composites of bacterial cellulose;
• cellulose microfibril (or microcrystallite)-reinforced polymer matrices.

Concerning the classes (a) and (b), which fall into a traditional research field,
available reviews [1–4] cover recent progress. Advances in class (c) have ac-
celerated over the past two decades to form a part of the lively research fields
covering the utilization and functional development of cellulose and other
polysaccharides. Actually, this kind of microscopic approach is also useful
for enhancing the performance of various gross composites, for example,
through modification of their bulk surfaces or the adhesion of ingredient in-
terfaces.

A more recent trend in polymer materials research is the hybridization
of cellulosic polysaccharides with inorganic compounds; natural and syn-
thetic layered clays, silica, zeolites, metal oxides, and apatites are employ-
able as nanoscale components. In addition, if mesoscopic assemblies such as
liquid-crystalline ordering are used in the construction of new compositional
systems, the variety of functionalized cellulosic materials will be further ex-
panded.

The present article reviews work over the last decade on a variety of mi-
crocompositional materials based on cellulose and related polysaccharides,
especially centering around graft copolymers, miscible or compatible blends
and networks, nanohybrids with inorganic minerals, and mesomorphic mo-
lecular assemblies. The general theme divides into the elaborate design of
environmentally conformable and/or biocompatible materials and that of mul-
tifunctionalized material systems for many-faceted prospective applications
for the use of cellulosics. One of the functionalities that will be spotlighted is
temporal or spatiotemporal controllable biodegradability coupled with pro-
cessing into dimensioned materials for use as consumables. Other areas will
include improved mechanical and adsorptive performance and novel opti-
cal, electro-optical, magnetic, and ion-conductive functions for specialized
use. Regarding the synthesis of cellulosic polymer molecules, which is to be
overviewed in this issue by other researchers, the author will solely refer to
molecular derivatizations or decorations in connection with the design of the
functional materials mentioned above.

2
Graft Copolymers

Graft copolymerization has been a practical way to modify cellulosic
molecules or to alter the surface properties of cotton fibers and woody ma-
terials for more than half a century [1, 5–7]. It is still a useful method, not
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only to improve some of the original properties of polysaccharides but also
to introduce new functionality into copolymers products.

2.1
General Trend: Polysaccharide-graft-poly(hydroxyalkanoate)s

A current advanced use of the grafting technique is in the design of
biodegradation-controllable graft copolymers of cellulose and related polysac-
charides. In particular, the employment of aliphatic hydroxy acids or cyclic
esters as monomer ingredients for the graft reaction is a viable approach,
since the resulting graft chains, categorized as poly(hydroxyalkanoate)s
(PHAs) in a wide sense, are well known as biodegradable and biocompatible
polymers [8–11]. The difference in degradability between the carbohydrate
backbone and the PHA graft chains makes it possible to regulate the overall
degradation rate of the polymer material.

For selectiveness of initiation of graft reactions, the use of a tin octoate
(SnOct2) (or tin(II) 2-ethylhexanoate) catalyst is convenient for preparing this
type of copolymers, polysaccharide-graft-PHAs, because the ring-opening
polymerization of cyclic esters such as lactides and ε-caprolactone (CL) can
be initiated efficiently by hydroxo-initiators (i.e. based on hydroxyl groups) in
the presence of SnOct2 [12–16], as exemplified in Scheme 1a.

The hydroxo-initiator R OH may be a polysaccharide or may be modi-
fied by a certain degree of substitution by hydroxyl groups (Scheme 1b).
Following this scheme, many graft copolymers have been synthesized and
characterized:

• dextran-graft-polylactide (g1a) and dextran-graft-poly(lactide-co-glycol-
ide) (g1b) [17];

• pullulan-graft-poly(ε-caprolactone) (g2a) and pullulan-graft-poly(L-lact-
ide) (g2b) [18];

• starch-graft-poly(ε-caprolactone) (g3) [19, 20];
• cellulose diacetate-graft-poly(ε-caprolactone-co-L-lactide) (g4) [21];
• partially deacetylated chitin-graft-poly(ε-caprolactone) (g5) [22];
• cellulose acetate-graft-poly(lactic acid) (g6a) [23], cellulose acetate-graft-

poly(δ-valerolactone) (g6b), etc. [24].

Some graft products are particularly significant for medical and pharma-
ceutical applications. For example, the use g1 and g2 as a drug-delivery
matrix offers the possibility of manipulating the release and biocompatibil-
ity of hydrophilic drug substances, since the water uptake and degradation of
the copolymers can be regulated by varying the polysaccharide/(co)polyester
composition. Poly(ε-caprolactone) (PCL)-grafted polysaccharide-type sub-
stances, e.g., g2a and g3, can also serve as compatibilizers in composites with
various matrix resins, wherein the matrix of the composites is a component
that is miscible or mechanically compatible with PCL. This is because this
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Scheme 1 a Ring-opening polymerization of cyclic esters in the presence of SnOct2 and
hydroxo-initiator, and b its application to the synthesis of polysaccharide-graft-aliphatic
polyesters (or poly(hydroxyalkanoate)s)

polyester has the rare property of being compatible with a wide variety of
polymers [19].

For the control of graft modification, the water-mediated preparation of
g3 [20] and g5 [22] is a useful approach to obtain target products. The total
yield of the graft copolymers or the density of polyester grafts onto the trunk
backbone can be controlled by changing the content of water, which acts
as a swelling agent or OH-protector for the polysaccharide substrate, lead-
ing instead to a large amount of homo-polyesters that can be produced by
the ring-opening initiation of the input monomer with the hydroxyl groups
of the water during the graft reaction. In the synthesis of the chitin-based
graft copolymer g5, it is interesting that selective introduction of PCL to the
deacetylated C-2 position, i.e., onto the amino group, was achieved using
SnOct2 in the presence of water [22], although the reaction mechanism still
appears to be ambiguous.

As a matter of course, grafting using stannous octoate is possible for cellu-
loses. In contrast to the case for unmodified cellulose, however, the relatively
good solubility of cellulose derivatives in some organic solvents, which varies
according to the degree of substitution (DS), makes this reaction possible in
an appropriate homogeneous system.

Cellulose acetate (CA) is an important cellulose derivative, widespread as
an industrially established product [25]. This cellulose ester of DS ≤ 2.5 has
been reported to be degraded by microorganisms [26, 27], and more recently,
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it has been demonstrated that even conventional CA goods such as cigarette
filters are decomposable in mature compost under aerobic conditions as well
as in sludge under anaerobic conditions [28]. Therefore, further use of CA be-
yond present applications may be expected, e.g., in agroindustrial, sanitary,
and bio-related fields. However, this cellulosic material shows a high glass-
transition temperature (Tg), which results in limited thermal processibility.
In practice, low-molecular-weight plasticizers are usually employed for ther-
mal molding of CA. A problem with this convenient plasticization method
is bleeding out of the plasticizers with time. The synthesis of thermoplastic
derivatives of CA by graft reactions with a suitable substituent, exemplified
by g4 and g6 in the above list, may be a way to address this issue in an envi-
ronmentally friendly way. Such copolymerization of aliphatic esters onto rigid
cellulosic polymers can also be significant when creating widely controllable
properties for PHA family, some of which exhibit undesirable mechanical per-
formance in their solid materials.

2.2
Highly Functionalized Cellulosic Graft Copolymers

Synthesis of wide ranges of compositions of CA-graft-poly(lactic acid)s (g6a,
CA-g-PLAs) has been accomplished by Teramoto et al. [23] by combining
three graft polymerization methods: (1) co-polycondensation of lactic acid
in diphenyl ether, (2) ring-opening copolymerization of L-lactide in dimethyl
sulfoxide (DMSO), and (3) ring-opening copolymerization similar to the sec-
ond method, but in bulk without DMSO, each initiated at the residual hy-
droxyl positions of CA (acetyl DS = 2.15) with the aid of SnOct2. In their
subsequent work [24], additional series of CA-graft-PHAs (CA-g-PHAs) were
synthesized by ring-opening copolymerization of (R,S) – β-butyrolactone,
δ-valerolactone, and ε-caprolactone onto CA, by virtue of a suitable catalyst,
solvent, and procedure for each individual case. To achieve a diversity of mo-
lecular architectures of the respective graft series, the acetyl DS of the starting
CA material was also varied, resulting in different levels of intramolecular
density of grafts. CA-g-PHAs were thus prepared over a wide range of molar
substitution (MS) values to cover almost the whole range of CA/PHA weight
ratios, where MS is defined as the average number of introduced oxyalkanoyl
units per anhydroglucose residue.

The CA-g-PLA products (acetyl DS = 2.15) exhibit a composition-depen-
dent, single Tg in the respective differential scanning calorimetry (DSC) ther-
mograms [23]. As shown in Fig. 1, the Tg decreases from 202 ◦C of the ori-
ginal CA to ∼ 50 ◦C with increasing PLA content up to wPLA ≈ 0.79 (MS ≈ 14)
and converges a little under the Tg (62 ◦C) of the PLA homopolymer with
a further increase of the lactyl content. The Tg–composition data obeys a sim-
ple rule of mixing of both ingredients, CA and PLA, if the molecular-weight
dependence of the side-chain-component Tg is taken into consideration [24].
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Fig. 1 Composition dependence of the thermal transition parameters, Tg, Tm, and ∆Hf,
estimated by DSC for CA-g-PLA samples (acetyl DS = 2.15). Data for Tm (melting tem-
perature) and ∆Hf (enthalpy of fusion) were obtained in the first run, while Tg was
evaluated in the second. (Quoted from [23] with an adequate modification)

Grafting a larger amount of lactyl units (MS ≥ 14) on the CA renders the PLA
side-chains of the copolymers crystallizable.

A similar evaluation was made for the other series of CA-g-PHAs to estab-
lish a general relationship between their molecular architecture and thermal
transition behavior [24]. Of particular interest is the finding that the compo-
sition dependence of the Tg of the cellulosic graft copolymers was represented
well in terms of a formulation based on a comb-like polymer model [29],
when CAs of acetyl DS ≈ 2 were employed as a trunk polymer.

The cellulose derivative–aliphatic polyester grafts, CA-g-PHAs, may be
a promising group of biodegradable materials. The degradation rate would
be widely variable not only by altering the copolymer composition but also
by controlling the phase structure involving crystalline morphology. Figure 2
illustrates a result of enzymatic hydrolysis experiments [30] conducted with
proteinase K for two selected compositions (MS = 4.7 and 22) of CA-graft-
poly(L-lactide) (CA-g-PLLA; equivalent to CA-g-PLA copolymerized with
L-lactide, covering the compositions of MS > 3 in Fig. 1). The variations of
weight loss of the film specimens exposed to the enzyme in a Tris-HCl buffer
are plotted as a function of elapsed time, together with the corresponding
data for a PLLA homopolymer sample. The copolymer films employed were,
in advance, subjected to different thermal treatments, viz., they were solely
quenched from the molten state (A) or, further, annealed at temperatures
below (B) or above (C) their Tg. The notations A, B, and C distinguish the
three treatments for the respective compositions. The heat treatment B gives
rise to so-called physical aging of the two samples of MS = 4.9 and 22, both
maintaining a totally vitrified state [31]. Treatment C allows the copolymer
film of MS = 22 to produce a crystalline phase, while the other of MS = 4.9 is
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Fig. 2 Weight loss for PLLA and CA-g-PLLA films exposed to proteinase K in a Tris-HCl
buffer (37 ◦C, pH 8.6), plotted as a function of elapsing time. See text for a description of
the notations used. (Reproduced from [30])

still completely amorphous and only undergoes plastic flow during treatment.
It can be seen from Fig. 2 that the hydrolysis rate is decreased by the graft
modification itself and by selecting the lower PLLA content unless the PLLA
crystallinity develops. It is also demonstrated that the temporal control of the
enzymatic degradation of CA-g-PLLA is possible through supramolecular re-
arrangement such as a tighter packing of PLLA grafts during the isothermal
treatment, attended by the physical aging or crystallization phenomenon.

Regarding the spatial aspects of the enzymatic degradation of CA-g-
PLLA, a surface characterization [30] was carried out for melt-molded films
by atomic force microscopy (AFM) and attenuated total-reflection Fourier-
transform infrared spectroscopy (ATR-FTIR) before and after the hydrolysis
test with proteinase K. As exemplified in Fig. 3 for a copolymer of MS = 22,
the AFM study showed that hydrolysis for a few weeks caused a transform-
ation of the original smooth surface of the test specimen (Fig. 3a) into a more
undulated surface with a number of protuberances of 50–300 nm in height
and less than a few micrometers in width (Fig. 3b). The ATR-FTIR measure-
ments proved a selective release of lactyl units in the surface region of the
hydrolyzed films, and the absorption intensity data monitored as a function
of time was explicable in accordance with the AFM result.

The degraded film specimens often impart an iridescent color. This effect
may be attributed to the interference of visible light due to diffused reflection
between the protuberances formed on the surface of the films, which is inter-
pretable in terms of a thin-layered gradation of the refractive index near the
film surface.

Complementary observations of the aftereffects of enzymatic hydrolysis
on the graft copolymers show spatiotemporally controlled degradation, lead-
ing to a new method for fine surface abrasion as well as for degradation-rate
regulation of polymeric materials.
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Fig. 3 AFM images of a CA-g-PLLA film of MS = 22 (melt-quenched), obtained a before
and b after the enzymatic hydrolysis for 30 days. The line profiles of the sections were
taken along the dotted lines in the respective AFM images. (Rearranged by using data
from [30])

2.3
Other Examples of Tailor-Made Graft Copolymers

Ohya et al. [32] proposed a trimethylsilyl (TMS) protection method to achieve
graft polymerization of cyclic esters on polysaccharide. Through this protec-
tion, the polysaccharide becomes soluble in organic solvents and the number
of grafted chains should also be controllable. As shown in Scheme 2, for
example, poly(lactic acid) (PLA)-grafted amylose was obtained via homo-
geneous graft polymerization of L-lactide on mostly trimethylsilylated amy-
lose (TMSAm) in tetrahydrofuran (THF) by using potassium tert-butoxide
(t-BuOK) as an initiator and subsequent removal of the TMS groups with
methanol. The graft product showed a higher hydrolytic degradability com-
pared with PLA alone due to reduced crystallinity, and the possibility of
showing blood compatibility was suggested for biomedical and pharmaceu-
tical applications. Biodegradable pullulan-graft-PLA was also synthesized by
the relevant method using TMS-protected pullulan [33].

Chitin derivatives having monodisperse poly(2-alkyl-2-oxazoline) side-
chains were synthesized by the reaction of amino groups of about 50%
deacetylated chitin with living poly(2-alkyl-2-oxazoline) (alkyl: methyl or
ethyl) (Scheme 3) and examined for miscibility with commodity polymers
such as poly(vinyl alcohol) (PVA) [34, 35]. Soil burial degradation behavior
of the blend system of PVA/chitin-graft-poly(2-alkyl-2-oxazoline) was also in-
vestigated with aqueous solution-cast films [36]. The burial test indicated that
the blending accelerated a process of enzymatic biodegradation of PVA, pos-
sibly due to an increase in segmental mobility and a remarkable reduction in
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Scheme 2 Synthesis of amylose-graft-PLA by a TMS protection method [32]

Scheme 3 Synthesis of chitin-graft-poly(2-alkyl-2-oxazoline) [35]

crystallinity of the PVA component, originating from the partial miscibility
with the chitin graft copolymers.

A graft copolymer of chitosan (degree of deacetylation, DD = 88%) was
prepared by grafting D,L-lactic acid (LA) onto the primary amino groups in
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the polysaccharide without any specific catalyst, according to the route shown
in Scheme 4 [37]. First, chitosan is dissolved in an aqueous LA solution to
give a homogeneous viscous polyelectrolyte solution. By heating the solution,
dehydration of the chitosan amino lactate salt will occur to form amide link-
ages between the chitosan and LA, along with polycondensation of LA, which
then acts as its own catalyst. In the final treatment, methanol is an efficient ex-
tractant to remove unreacted monomers, unbound oligomers, and salt-linked
LA side-chains. The graft copolymers thus obtained form pH-sensitive, phys-
ically crosslinked gels in aqueous solutions. The hydrogels are of general
interest for biomedical applications, possibly useful as artificial actuators or
switches in biochemical separation systems, and in controlled-release systems
for drug delivery.

Heinze et al. found that DMSO in combination with tetrabutylammonium
fluoride trihydrate dissolved cellulose (degree of polymerization ≤ 650) within
15 min at room temperature [38]. They also demonstrated that homogeneous
esterification of cellulose is possible in this solvent system. The applicability
of this new solvent system to cellulose grafting has recently been proved by
adoption of cyclic compounds such as lactones and N-carboxy α-amino acid
anhydrides (NCAs) [39]. ε-Caprolactone was facilely graft-polymerized on cel-
lulose at a graft rate of ∼ 65% (per trunk weight of 100), and NCAs at over
100%, in the respective homogeneous reaction systems at < 60 ◦C.

Worthy of special remark is surface grafting via a novel technique of poly-
mer synthesis, atom-transfer radical polymerization (ATRP), the usefulness
of which has received much recognition due to the control of the molecular

Scheme 4 Preparation of a hydrogel-forming chitosan-graft-PLA [37]



110 Y. Nishio

weight and the distribution of the polymerized product. Tsujii et al. [40] ap-
plied ATRP to the preparation of polymer brushes tethered to silicon wafers
with great success. This technique should also be widely applicable to surface
modifications of polysaccharide materials [41].

3
Polymer Blends and Microcomposites

As is well established, polymer/polymer blending is an important method to
improve the original physical properties of one or both of the components, or
to obtain new polymeric materials showing widely variable properties with-
out parallel in homopolymers. There have been numerous blend studies for
various polymer pairs from both the fundamental and practical viewpoints.
A few reviews [7, 42] have described a general scheme for preparation and
characterization of the blends and microcomposites of unmodified cellulose
with synthetic polymers, mainly based on works performed until 1994. The
present review will cover the articles published on this topic since the mid
1990s, with extensions to related works on cellulose derivatives and other nat-
ural polysaccharides.

3.1
Cellulose-Incorporated Systems

3.1.1
Blends with Synthetic Polymers

(a) Fundamental Aspects Earlier studies [42] demonstrated that highly com-
patible blends were obtainable for some pairs of cellulose/synthetic poly-
mers by using a suitable, nonaqueous solvent and a procedure for each case,
despite the generally believed intractability of the natural fibrous polysac-
charide, which shows poor solubility in most organic solvents. It was also
stressed that strong intermolecular interaction, superior or comparable to
the self-associating nature of the respective components, was indispensable
for intimate mixing. Table 1 summarizes the results of the estimation of the
scale of mixing for film samples of representative blends of cellulose with syn-
thetic polymers [43–48], quoted in tabular from the author’s previous review
(Sect. 5.3.2 in [42]). The binary compositions situated in an enclosed area in
the table, denoted by the dotted lines, are assumed to have reached a compat-
ible state of mixing.

Later reports [49–51] provided further insight into the blend morph-
ology for several of the cellulose/synthetic polymer blend systems listed
in Table 1. In particular, refining efforts were devoted to precise quantifi-
cation of the scale of homogeneity in the blends. A dielectric relaxation
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study combined with small-angle X-ray scattering measurements was car-
ried out for cellulose/poly(vinyl alcohol) (CELL/PVA) blends prepared from
solutions in N-methyl-2-pyrrolidone-lithium chloride (NMP-LiCl) by a co-
agulation method [49]. As a result of the structure and relaxation analyses,
it was concluded that the blends (CELL ≥ 60 wt %) displayed no residual
crystallinity and were almost characterized by a molecular mixing of the
components, but with microheterogeneities on a nanometer scale (1–2.3 nm).
Heterogeneities in a similar range (∼ 3 nm) were estimated for the CELL/PVA
blends by 2D 1H – 13C heteronuclear wide line separation (WISE) NMR spec-
troscopy through observation of the organization of water adsorbed into
the polymer matrix [50]. The study revealed that the water molecules were
predominantly associated with the cellulose backbone and no water was
detectable in the immediate vicinity of PVA segments. Another rigorous
work [51] was concerned with spin-diffusion measurements in solid-state
proton NMR spectroscopy, for evaluation of the mixing state in two represen-
tative cellulosic blends: cellulose/poly(4-vinylpyridine) (CELL/P4VPy) and
cellulose/poly(acrylonitrile) (CELL/PAN), prepared from dimethyl sulfoxide-
paraformaldehyde (DMSO-PF) and N,N-dimethylacetamide-lithium chloride
(DMAc-LiCl) solutions, respectively. It was pointed out that the polymer pairs
were essentially immiscible thermodynamically, in spite of the attainability
of a very intimate level of mixing in those blends. The kinetics of solidifica-
tion during processing into the binary blends are likely to be rather important
in defining the resulting phase morphology, which is therefore influenced
subtly by the external preparation conditions. Actually, the diffusion study
provided an average domain size of ∼ 10 nm for CELL/P4VPy and ∼ 20 nm
for CELL/PAN, the former data being noticeably greater than the previous
assessment (Table 1).

The importance of attractive intermolecular interactions was emphasized
again for two solution-coagulated blend systems, cellulose/poly(ethylene gly-
col) (CELL/PEG) [52] and CELL/PVA [53], in interpretations of the phase-
transition behavior and of the gas sorption and transport phenomena, re-
spectively. An interesting observation for the former system was that, when
a blend containing 95 wt % PEG was heated to temperatures above the melt-
ing point of PEG (∼ 60 ◦C), the crystalline PEG component did not melt into
the usual flowing liquid but changed to an amorphous solid state. It may be
assumed that a kind of organogel of cellulose was realized at these high tem-
peratures, owing to the motional restraint of the PEG molecules, which were
probably tied to the semi-rigid cellulose chains via hydrogen bonds between
the constituents. In the CELL/PVA study on the membrane properties, the
solubility, diffusion, and permeability coefficients for carbon dioxide in the
blends were all lower than expected from the simple semilogarithmic addi-
tivity rule. This is analogous to the gas sorption and transport behavior of
other miscible polymer systems in which strong intermolecular interactions
are present. Prior to these two works, there was an infrared spectroscopic
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study by Kondo et al. [54] for similar blend systems with PEG and PVA.
This characterized the formation of hydrogen bonds in the cellulose/synthetic
polymer blends in terms of the specific regiochemistry of hydroxyl groups
and glucose-ring oxygen in the cellulose component.

(b) Practical Aspects There were also some blend works that were useful in
practice. Lyocell fibers, produced industrially by dry-jet wet spinning of cellu-
lose solution in N-methylmorpholine N-oxide (NMMO) hydrate, show better
drape and mechanical properties in the wet state than other cellulose fibers,
but they are prone to undergo unfavorable fibrillation under wet abrasion.
For the improvement, a blend effect of an aromatic polyamide, poly(2,6-
dichloro-1,4-phenylene terephthalamide) (P26ClPTA), as additive to cellulose
filaments was investigated [55]. Homogeneous solutions containing cellulose
and P26ClPTA could be prepared in the common solvent NMMO monohy-
drate and spun to blend filaments. The wet abrasion resistance was found to
assume a maximum at a P26ClPTA content of 10 wt %. A different modifi-
cation of Lyocell fibers was made by spinning a solution of the mixture of
cellulose with a copolymer, cellulose-graft-PVA, in NMMO monohydrate [56].
The copolymers of various vinyl alcohol (VA) contents were obtained by
saponification of the corresponding precursor copolymers in which vinyl
acetate was grafted onto the cellulose backbone with cerium ammonium ni-
trate. It was reported that addition of the copolymer was decisively effective
in reducing the fibrillation of Lyocell fibers. Prior to these works relating
to Lyocells, blend filaments of cellulose/aliphatic polyamide 66 (CELL/PA66)
precipitated from solutions in a mixed solvent NMMO–phenol (80 : 20 w/w)
were examined for estimations of the phase construction [57] and mechanical
characteristics [58]. The two components were mainly immiscible, but PA66
reinforced the CELL-rich fibers against breaking at temperatures higher than
Tg of PA66 due to a strong adhesion at the interface between the constituent
domains in their respective amorphous state. This can also offer a practical
applicability, since cellulose becomes brittle at high temperatures as its water
content decreases.

A limited number of papers has dealt with the degradation of cellulose/
synthetic polymer blends. CELL/PVA gelatinous fibers obtained from DMAc-
LiCl solutions were treated with cellulase (Trichoderma viride) [59]. Interest-
ingly, a blend fiber (CELL = 40 wt %) swollen in an aqueous buffer remained
almost unchanged in diameter size during the enzymatic elimination of the
cellulose component, while the degree of optical anisotropy diminished. En-
zymatic degradation of cellulose/poly(L-lactic acid) (CELL/PLLA) blends was
investigated with either proteinase K or cellulase for films cast from solutions
in trifluoroacetic acid [60]. In this series, the cellulose component should be
trifluoroacetylated. Although the blend system was incompatible, the weight
loss of PLLA-rich samples when treated with proteinase K was more promi-
nent compared with a control PLLA due to depression of the crystallinity of
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the polyester component. In contrast, cellulase did not cause degradation of
the cellulose backbone in the blends, but the trifluoroacetyl side-group was
completely hydrolyzed during the treatment. Regarding the thermal degra-
dation of cellulose blends, Nishioka et al. produced a series of works using
thermogravimetry [61, 62]. For several cellulose/synthetic polymer systems,
to which a copolymer of cellulose grafted with the blending partner was
added on demand as a compatibilizer, the composition dependence of the
thermal decomposition profiles was discussed in relation to the extent of
blend compatibility.

In contrast to the usual blending of cellulose via a solution medium, a fine-
powdered composition was obtained by ball-milling a dry mixture of fibrous
cellulose and granulated PEG without any solvent [63]. A certain extent of
compatibilization of PEG with cellulose appears to occur even in their solid
state, probably by insertion of parts of PEG molecules into the cellulose
domains, followed by the formation of hydrogen bonds between cellulose hy-
droxyls and polyether oxygens. It was shown that such a mechano-chemically
prepared powder was moldable three-dimensionally by facile hot-press treat-
ment, e.g., at 120 ◦C for a composition of CELL/PEG = 80/20 (wt/wt) [64].

3.1.2
Blends with Natural Polymers

Zhang et al. [65–67] carried out a series of works on cellulose blends with
other polysaccharides such as alginic acid, konjac glucomannan, and chitin,
and with natural proteins such as silk fibroin and casein. Their studies
were mainly concerned with the preparation and morphological characteri-
zation of microporous membranes applicable for selective separation of low-
molecular-weight substances. In the preparation of the blends, a classical
metal–complex solvent, aqueous cuprammonium hydroxide (cuoxam), or an
inorganic/organic solvent mixture, NaOH aqueous solution with addition of
urea or thiourea [68], was utilized for dissolution and mixing of cellulose and
other natural polymer components.

As an example using NMMO solution, the spinning of fibers consisting
of blends of cellulose with cationic starch was investigated for the purpose
of improving moisture absorbability, dyeability, and enzymatic degradability
compared with standard Lyocell fibers [69].

3.1.3
IPNs and Microfibril-Reinforced Composites

In the preparation of the cellulose blends listed above, two methods were
mainly adopted: casting from solutions by evaporation of solvent, and co-
agulation of solutions in a non-solvent followed by drying. Both processes
involve dissolution and mixing of two polymer components in a common sol-
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vent. As an alternative route leading to unique microcomposites of cellulose,
Nishio and Miyashita et al. developed the chemical blending technique of so-
lution coagulation/bulk polymerization [42, 70, 71]. In situ polymerization of
a vinyl monomer as coagulant and/or impregnant used to form cellulose gels
is an essential part of the method, enabling us to obtain an interpenetrat-
ing network (IPN) consisting of cellulose/synthetic polymer. This method can
also be a means of reinforcing thermoplastic polymers by cellulose. In stud-
ies published since 1994, the effectiveness may be exemplified well by a result
of dynamic mechanical measurements carried out for cellulose/poly(acryloyl
morpholine) (CELL/PACMO) composites, optically clear, hard films, which
were synthesized by photoinitiated polymerization in a gel state of regener-
ated cellulose swollen with reactive ACMO monomer [72]. As demonstrated
in Fig. 4 for two CELL/PACMO compositions, the extent of lowering of their
modulus E′ in the glass-transition region became extremely suppressed in
contrast to the sharp drop of E′ observed for a reference sample of PACMO
homopolymer. This suppression reflects a consequence of successful perpet-
uation of an original network structure of cellulose gels into the polymerized
bulks.

A novel attempt was made to realize different IPN architectures in a com-
posite system of cellulose/poly(N-vinyl pyrrolidone-co-glycidyl methacry-
late) (CELL/P(VP-co-GMA)) [73]. The copolymer-rich compositions (4–
19 wt % CELL) were synthesized successfully via photopolymerization in the
gel state of cellulose impregnated with a monomer mixture of VP and GMA,
resulting in the development of a semi-IPN-like organization (Fig. 5a) within
the copolymerized bulks. An additional treatment of the as-polymerized
composites ([O]-series) with ∼ 50% formic acid or ∼ 3% sodium hydrox-

Fig. 4 Temperature dependence of the dynamic storage modulus E′ and loss modulus E′′
for CELL/PACMO composites. (Reproduced from [72])
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ide aqueous solution gave rise to a drastic elevation of the Tg of the sample
used, as demonstrated by dynamic mechanical data in Fig. 6. The Tg shift
can be attributed to the formation of a tighter network structure (full IPN,
Fig. 5b), occasioned by a certain crosslinking reaction in the copolymer con-
stituent: viz., in the formic acid treatment, a ring-opening reaction of the
epoxide group of GMA with the carboxylic acid was involved in the bridge oc-

Fig. 5 Schematic illustrations of different IPN architectures attainable for CELL/P(VP-co-
GMA) composites. a Semi-IPN; b Full-IPN; c Joined-IPN

Fig. 6 Dynamic mechanical behavior for different film species of a cellulose compos-
ite synthesized with a monomer mixture of VP/GMA = 3/7, representing an effect of
the chemical treatment of an original sample (CELL/P(VP-co-GMA)[O]) with aqueous
formic acid [F] or sodium hydroxide [S] solution. CELL content = 4.5 wt %. (Reproduced
from [73])
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currence between copolymer chains, while the sodium hydroxide treatment
transformed the copolymer component into a kind of ionomer as a result of
hydrolysis of the amide linkage in the pyrrolidone rings. A similar Tg eleva-
tion was noted when cellulose composites with a GMA-rich copolymer were
subjected to a prolonged heat treatment at temperatures above ∼ 170 ◦C. This
may be ascribed to the development of a joined IPN organization (Fig. 5c)
containing some amount of intercomponent crosslinks, in consequence of the
etherification possible between GMA epoxides and cellulose hydroxyls.

In a way partly analogous to the above method, if a fibrillar network of bac-
terial cellulose is interpenetrated with various monomers or reactive resins
that are subsequently solidified, the resulting composites may be expected
to exhibit a significant reinforcement of the substrate polymers in mechan-
ical and/or thermal performance. This has been suggested recently by Yano
et al. [74].

An additional example is the preparation of gelatinous IPNs of poly(N,N-
dimethylacrylamide) (PDMAm) containing 6–25 wt % cellulose, which were
obtained in DMAc-LiCl solution as the homogeneous reaction medium for
polymerizing DMAm monomer [75]. It was reported that an IPN of CELL =
25 wt % possessed a sixfold higher modulus than a PDMAm control, when
compared to their water-swollen state.

Another approach to the design and fabrication of advanced microcom-
posites based on cellulose is that conducted by the group of Dufresne,
Cavaillé, and co-workers. They accomplished a sequence of studies on the
processing and mechanical characterization of polymer nanocomposites re-
inforced with cellulose microcrystallites, or whiskers, which were extracted
from a mantle of tunicate (a sea animal) [76–81]. The mantle (tunicine) is
made up of cellulose microfibrils that are particularly well organized and
crystallized, which can lead, after acid hydrolysis, to discrete microcrystallites
with a high aspect ratio of around 70 and an average diameter of 10–20 nm.
The preparation of composite materials was usually done by casting into
a film form from aqueous suspension mixtures of the cellulose microcrystal-
lites (as a filler) with a polymer latex (as a matrix). As illustrated in Fig. 7
for a thermoplastic styrene-butyl acrylate (35 : 65) copolymer sample (Tg =
0 ◦C) [77], the mechanical property (shear modulus G) was enhanced by more
than two orders of magnitudes in the rubbery state at T > Tg of the copolymer
matrix, even when the cellulosic filler was loaded at quite a low concentra-
tion of 6 wt %. This striking reinforcing effect was ascribed to the formation
of a percolating cellulose network, possibly resulting from strong interac-
tions between adjacent whiskers such as hydrogen bonds. Subsequent reports
described similar reinforcement phenomena of cellulose microfibrils for sev-
eral nanocomposites obtained using different polymer matrices which in-
cluded bacterial polyesters [78], plasticized starch [79], poly(ethylene oxide)
(PEO) [80], and lithium imide-containing PEO electrolytes [81]. The obser-
vations of high mechanical performance were commonly interpreted on the
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Fig. 7 Logarithmic plot of the shear modulus G (Pa) for a composite specimen of
poly(styrene-co-butyl acrylate) reinforced by 6 wt % cellulose whiskers, as a function of
temperature. This specimen is compared with a control sample that does not contain any
whisker. (Reproduced from [77])

basis of the percolation mechanism governing the evolution of a rigid net-
work of cellulose whiskers as the nanosized filler.

3.2
Other Systems Based on Natural Polysaccharides

Coupled with the extensive studies of cellulose-based polymer blends de-
scribed in Subsects. 3.1.1 and 3.1.2, similar interest and attention have been
directed to other carbohydrate polymer blends, for evaluations of com-
patibility, synergistic properties, and possible functionality. In particular,
blend works on a cellulose-relative poly(β-1,4-glucan), chitin, have been fa-
cilitated [82–91] and the number of examples is still increasing. Among
them, chitinous blends with water-soluble or hydrophilic synthetic poly-
mers [82–88], and those with biodegradable aliphatic polyesters [89] may be
of importance from the standpoint of application as biomedical materials. In
some studies [82, 87, 90, 91], the blending component was a polymer having
an amide linkage in the side or main chain. This selection was made based
on the use of formic acid as a common solvent, and/or the possibility of ob-
serving specific intermolecular interactions in which the amide group rather
than the hydroxyl participates closely. A particular interest was often focused
on the effect of the degree of deacetylation of chitin (or acetylation of chi-
tosan) on the blend compatibility [83, 85, 90], taking into account alternative
structures in the C-2 side group of the amino polysaccharide.

There have also been some prominent studies of IPNs based on chitin [92,
93], alginate [94], etc. For example, the microscopic incorporation of chitin
with methacrylate polymers such as poly(glycidyl methacrylate) [92] and
poly(2-hydroxyethyl methacrylate) [93] was achieved by the combination of
solution coagulation and bulk polymerization processes (Sect. 3.1.3). From
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an estimate by solid-state 13C NMR spectroscopy, the preparation method
proved to be a potential route leading to intimate mixtures of chitin/synthetic
polymers on the scale of a few nanometers, even though the relevant polymer
pair is thermodynamically immiscible.

By analogy with the works which dealt with cellulose microcrystal-
reinforced nanocomposite materials, microcrystals of starch [95] or chitin [96,
97] were used as a reinforcing phase in a polymer matrix. Poly(styrene-co-
butyl acrylate) [95, 96], poly(ε-caprolactone) [96], and natural rubber [97]
were reinforced, and again the formation of aggregates or clustering of the
fillers within the matrices was considered to account for the improvement in
the mechanical properties and thermal stability of the respective composites
processed from suspensions in water or suitable organic solvents.

3.3
Cellulose Ester Blends

Among industrially established cellulosic products, organic ester derivatives
of cellulose form a valuable family, finding general acceptance in various ap-
plication fields such as packaging, coating, release-controllable excipients,
molded plastics, optical films, fibers, membranes, and other separation me-
dia [25, 98]. Properties of such cellulose esters (CEs) can be varied over
a range by controlling the type and number of ester substituents in the chem-
ical manufacturing process. Since Buchanan et al. reported that many CEs,
e.g., acetate, propionate, and their mixed ester, are in fact biodegradable
under a variety of conditions [26, 98–100], the status of the ester family ap-
pears to have been heightened from both commercial and academic aspects.

It is further attractive that polymer blending may offer opportunities not
only to improve the processability and modify the physical properties of CEs,
but also to alter the thermal instability and/or mechanical brittleness of the
second component polymers, e.g., many aliphatic polyesters including bac-
terial poly(hydroxyalkanoate)s. Recent developments in the area of cellulose
ester/polymer blends are reviewed below.

3.3.1
With Vinyl and Other Conventional Polymers

Many of the applications in which CEs are involved require clarity or uniform
properties on a microscopic structural level, so miscibility or molecular-
scale mixing is important when CE-based blends are formed. There are
some examples of miscible or homogeneous CE blends with vinyl polymers.
One interesting class of these is a mixture of CE and poly(vinyl phenol)
(PVPh) [101, 102]. This phenolic polymer is known to form a miscible blend
with a wide variety of polymers with potential hydrogen-bond-accepting
groups [101], the latter set including commercially available CEs, i.e., cel-



120 Y. Nishio

lulose acetate (CA), cellulose propionate (CP), cellulose acetate propionate
(CAP), and cellulose acetate butyrate (CAB). For miscible CA/PVPh and
CAB/PVPh blends, Kelley et al. have clarified the hydrogen-bonding inter-
actions occurring between the ester linkage on the CEs and the phenolic
hydroxyl on the PVPh component by means of 13C cross-polarization magic-
angle-spinning (CP/MAS) and 1H combined rotation and multiple pulse
spectroscopy (CRAMPS) NMR spectroscopy [102]. His group has also pre-
pared polymer networks from a series of miscible CE/PVPh blends contain-
ing a latent formaldehyde source [103]; PVPh has potential for secondary
chemical reactions with the crosslinking agent, leading to chain extension.
This attempt was made to improve the strength and thermal stability of the
whole system and to expand the useful properties of the renewable cellulosic
polymers.

A particularly important ester derivative CA is utilized for many industrial
applications due to its desirable physical properties such as good optical clar-
ity in film form, and a comparatively high modulus and adequate flexural and
tensile strengths in fiber form. Additionally, it is practically biodegradable,
to an extent that depends on the degree of acetyl substitution. For this cellu-
lose derivative, therefore, new functionalization may be expected in medical,
pharmaceutical, and other bio-related fields, coupled with further applica-
ble developments in a huge consumption type of commodities. However, the
trouble is that CA alone cannot be molded easily by thermal processing, be-
cause the Tg and flow temperature are fairly high, where significant thermal
decomposition can take place. Usually, a large amount of plasticizers such
as phthalate compounds are mixed with CA for thermal molding. The use
of low-molecular-weight plasticizers, however, can cause fume generation in
the molding process due to their volatility or decomposition. In addition,
bleeding out of plasticizers from molded CA products can be pronounced in
long-term use. One proposed remedy for these drawbacks is the synthesis of
thermoplastic derivatives of CA by grafting suitable substituents, as described
in Sect. 2.2. Another effective method is the mixing of flexible polymers as
a plasticizer that can alter the thermal properties of CA by molecular-level
interactions.

Miyashita et al. carried out miscibility characterization of CA blends
with poly(N-vinyl pyrrolidone) (PVP), poly(vinyl acetate) (PVAc), and
poly(N-vinyl pyrrolidone-co-vinyl acetate) random copolymers [P(VP-co-
VAc)s] [104]. On the basis of thermal transition data obtained by differential
scanning calorimetry (DSC), a miscibility map (Fig. 8) was completed as
a function of the degree of substitution (DS) of CA and the VP fraction in
P(VP-co-VAc). Figure 9 compares results of the DSC measurements between
two blending pairs of CA/P(VP-co-VAc) corresponding to the polymer com-
binations marked as A and B in Fig. 8. In the data (Fig. 9b) for the blends of
CA (DS = 2.95) with P(VP-co-VAc) of VP = 51 mol %, we can readily see a sign
of poor miscibility, as is evidenced from the lack of an appreciable shift in the



Material Functionalization of Cellulose and Related Polysaccharides 121

Fig. 8 Miscibility map for CA/P(VP-co-VAc) blends, as a function of DS of CA and VP
fraction in P(VP-co-VAc). Symbols indicate whether a given pair of CA/P(VP-co-VAc) is
miscible (◦) or immiscible (×). (Quoted from [104] with additional data)

Fig. 9 DSC thermograms of CA/P(VP-co-VAc) blends: a data for combination A of acetyl
DS = 2.70 and VP/VAc = 51/49; b data for combination B of acetyl DS = 2.95 and VP/VAc =
51/49 (Fig. 8)

Tg of either polymer components. In addition to the two distinguishable Tg
signals, the melting endotherm and cold-crystallization exotherm of CA are
both detectable for every blend at almost the same temperature positions as
those for the CA (DS = 2.95) alone, with a proportional reduction of the re-
spective peak areas. In contrast to the result, the thermograms compiled in
Fig. 9a for the pair of CA (DS = 2.70) and P(VP-co-VAc) (VP/VAc = 0.51/0.49)
(combination A) indicate a definitely single Tg that shifts to the higher tem-
perature side with increasing CA content. As summarized in Fig. 8, CA/PVAc
blends are immiscible irrespective of the DS of the CA component, while PVP
forms a miscible monophase with CAs unless the acetyl DS exceeds a value of
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about 2.8. The vinyl copolymers of VP and VAc are immiscible with CA when
the VP fraction in P(VP-co-VAc) is less than 25 mol % or the acetyl DS used
is higher than 2.75, whereas the other combinations of DS and VP values lead
to a miscible series of blends, with a possible exception such as the mixing
pair of DS = 2.70 and VP = 29 mol %. The miscibility map is useful for de-
signing improvements in properties and functionalities of cellulose acetates.
For instance, the water-absorption property of the blend system would be
widely changeable by altering the binary polymer composition and the ratio
of hydrophilic/hydrophobic (VP/VAc) residues in the copolymer. This may
be of significance, especially in applications in medical, pharmaceutical, and
sanitary areas.

In relation to the intermolecular interaction possible in the above system,
it was found that when CA and P(VP-co-VAc) solutions in THF were mixed
with each other, the two polymer components precipitated spontaneously to
form a complex-like agglomerate; the yield of the precipitate diminished with
increasing DS of CA and with decreasing VP fraction in the vinyl copoly-
mer [105]. From this observation and spectral data in Fourier-transform
infrared (FT-IR) spectroscopy and 13C CP/MAS NMR measurements it was
proved that blend miscibility and complex formability of a CA/P(VP-co-VAc)
pair depend on whether or not an effective number of hydrogen-bonding in-
teractions occur between the residual hydroxyl groups of CA and the carbonyl
groups of VP residues in the mixing system. Also, quantification of the pro-
ton spin-lattice relaxation times in the rotating frame (TH

1ρ) showed that the
miscible CA blends and complexes with PVP and P(VP-co-VAc) are homo-
geneous within limits of approximately 3 nm.

In a similar manner to that for the CA/P(VP-co-VAc) system, a miscibil-
ity map was constructed for cellulose butyrate (CB)/P(VP-co-VAc) blends by
Ohno et al. [106]. Unlike the situation for the CA blends, there appeared a spe-
cific range of VP/VAc composition (VP ≈ 30–60 mol %) where CBs of butyryl
DS ≈ 2.5–2.95 were miscible with the vinyl copolymers in spite of the im-
miscibility with both PVP and PVAc homopolymers. In view of the finding
of such a miscibility window, the mixing state of CB/P(VP-co-VAc) blends
seems to be determined by the balance of three factors: (1) the hydrogen-
bonding interaction between the residual hydroxyls of the cellulose ester and
the carbonyls of VP units in the copolymer; (2) steric hindrance of bulky bu-
tyryl groups, leading to suppression of the above interaction; and (3) another
attractive force derived from the repulsion between monomer residues con-
stituting the vinyl copolymer (i.e., an intramolecular copolymer effect).

From a functional point of view, Nguyen et al. examined the pervapora-
tion characteristics of CA/P(VP-co-VAc) blends for application as alcohol-
selective membrane materials [107]. The blend membranes were shown to
be very efficient in the removal of ethanol from its mixture with ethyl tert-
butyl ether (ETBE). tert-butyl ethers are octane-value enhancers for gasoline,
and the synthesis requires an excess of alcohol in the reaction to reach high
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conversion degrees of iso-olefin to the corresponding ether. The excess of al-
cohol has to be separated from the reaction system and recycled. A problem
in the conventional distillation is occurrence of an azeotrope, as in the case of
ethanol–ETBE mixtures.

For gas separation membranes, for example, He, O2, and N2 gas trans-
port properties of CA/poly(methyl methacrylate) (PMMA) blends have been
measured [108]. This article reported that CA/PMMA blends exhibited phase
separation with limited intermiscibility between the components, but they
were possibly useful as membrane materials to produce high-purity helium
gas streams combined with high helium recovery.

It has been shown that cellulose acetate hydrogen phthalate (CAPh) of
19–24% acetyl and 30–40% phthalate contents forms a miscible blend with
PMMA as well as with PVP in the entire composition range [109–111]. The
miscibility of CAPh with PVP may be due to the hydrogen-bonding attrac-
tion between the free hydroxyl group of CAPh and the carbonyl group of PVP;
however, the major interaction in the CAPh/PMMA blends is possibly formed
between the OH in the phthalic acid group of CAPh and the C= O of PMMA,
taking account of the immiscibility of the CA/PMMA blends.

As an impressive phase study, it was observed that a blend system com-
posed of CAB having 54 mol % butyryl side groups and poly(ethylene oxide)
(PEO; Mn = 35 000) yielded a phase diagram with a lower critical solution
temperature (LCST) boundary, and a cloud point of 168 ◦C at the critical com-
position of CAB/PEO = 40/60 (w/w) [112].

Although it is not a polymer blend but a nanocomposite, a series of
biodegradable nonwoven mats comprising CA and poly(vinyl alcohol) (PVA)
nanofibers have been prepared via multi-jet electrospinning [113]. Such elec-
trospinning has recently attracted great attention, because polymer nanofib-
rils with a high surface-to-volume ratio can be fabricated by using the tech-
nique [114, 115]. Attempts to use homogeneous blend solutions as the spin-
ning dope should be interesting in further developments of this method.

3.3.2
With Biodegradable Aliphatic Polyesters

Currently there is a fast-growing demand for biodegradable polymer materi-
als for limited-term applications mainly in the medical, marine, and agricul-
tural areas. Aliphatic polyesters, including bacterially produced poly(hydroxy-
alkanoate)s, have attracted considerable interest as materials of great promise
possessing good biocompatibility and environmental degradability. Unfor-
tunately, solids of aliphatic polyesters generally lack mechanical toughness
and ductility, and they are often badly affected by heat, due to their rather
low melting points (e.g. polylactones) or decomposition temperature (e.g.
poly(α-hydroxy acid)s). These undesirable physical properties prevent their
wider-scale use in various fields, in spite of their susceptibility to biodegra-
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dation. A means of overcoming such drawbacks could be the modification
of the biodegradable polyesters by blending with other suitable polymers.
A blending partner could be cellulose ester derivatives, as suggested by Scan-
dola et al. [116–119] and Buchanan et al. [120–122] in their publications in
the early 1990s.

Scandola’s group reported miscibility in binary blends of poly(3-hydroxy-
butyrate) (PHB) with CAB [116–118] and CAP [116]. Similarly, blends of
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) with CAB and CAP
were shown to be miscible in the amorphous mixing state [119]. Follow-
ing these reports, they studied biodegradation of blend films of the bacterial
polyester/cellulose ester pairs in activated sludge [123–125]. Differences in
the degradability observed between the test specimens were discussed mainly
in connection with the phase morphology (involving intra-spherulitic struc-
ture), which varied depending on the composition and thermal history in the
blend preparation.

On the other hand, Buchanan and coworkers also reported the miscibility,
mechanical property, and spectroscopic characterization of the CAB/PHBV
system [120]. Similar investigations were extended to CAP blends with a se-
ries of condensation polyesters consisting of a C5 dicarboxylic acid (glu-
taric acid) and C2 to C8 straight-chain diols [121, 122]. They showed that
the polyesters prepared from C2 to C6 diols formed transparent amorph-
ous glasses which exhibited a single composition-dependent Tg when blended
with CAP (acetyl DS = 0.10, propionyl DS = 2.65), and indicated further that
the polyester prepared from C4 diol, i.e., poly(tetramethylene glutarate), had
the highest level of miscibility with the cellulose mixed ester. In further
works by the same group [126–128], biodegradation behavior of many blends
of cellulose ester (CAP or CA) with different aliphatic polyesters including
the aforementioned was explored mainly in a bench-scale simulated munic-
ipal compost environment. It was observed for CAP/polyester blends that, at
a fixed DS of CAP, as the content of the polyester component was increased,
the rate of composting and the weight loss due to composting increased
as a whole. When the CAP DS was below approximately 2.0, both compo-
nents degraded; however, when the CAP was highly substituted, almost all
the weight loss (albeit relatively small) was ascribed to loss of the polyester.
It was also suggested that initial degradation of the polyester was due to
chemical hydrolysis, followed by a biological assimilation process. General
views of the biodegradability or destructibility of cellulose esters and their
blends with low-molecular-weight diluents, polyesters, and polysaccharides
have been summarized in a review [98] by Edgar, Buchanan, and other mem-
bers of Eastman Chemical Co.

There have been many related works by other research groups that are
concerned with the phase behavior, isothermal crystallization kinetics, and
tensile properties of cellulose propionate (DS = 2.75)/PHB blends [129], the
miscibility and crystallization behavior of CAB/PHB blends [130], or the melt
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processability and mechanical properties of butyryl-rich CAB/poly(butylene
succinate-co-butylene carbonate) blends [131], to mention a few. These
blends all form a miscible amorphous phase. As an example dealing with
a blend compatibilizer, Ogata et al. found a transition-metal alkoxide,
tetraisopropyl titanate, acting as an additive to improve the optical and ther-
mal properties of immiscible blends of CA with poly(butylene succinate)
(Bionolle, Showa Highpolymer Co., Ltd, Japan) [132].

Meanwhile, Nishio et al. provided an insight into the relationship between
the ability of cellulose alkyl esters, CELL-OCOCn–1H2n–1 (n = 2–7), to form
a miscible blend with poly(ε-caprolactone) (PCL) and the ester derivative
structure in terms of the side-chain length (n) and acyl DS [133] (R. Kusumi
et al., personal communication). It was deduced that cellulose butyrate (CB)
with n = 4 and cellulose valerate (CV) with n = 5 exhibit the highest miscibil-
ity on blending with PCL of all the cellulose aliphatic esters examined. This
estimation is, however, based on the comparison of thermal transition data
obtained by using relatively highly substituted cellulosic samples (DS > ∼ 2).
When the acyl DS was less than 1.5, even the CB/PCL blends became im-
miscible, as exemplified in Fig. 10. In this figure, the dependence of Tg and
Tm (melting temperature of PCL) on the blend composition is compared
between two CB/PCL series, differing in the DS of the CB component; one
series has DS = 1.2 and the other has DS = 2.4, showing double- and single-
Tg behavior, respectively. Since a CB/PCL series using butyryl DS = 2.94 also
gave a single Tg–composition curve, a hydrogen-bonding specific interaction
should be ruled out from the possible factors for achieving blend miscibil-

Fig. 10 Composition dependence of Tg and Tm, compared for two series of CB/PCL
blends. Open and filled symbols represent the data for CB(DS = 1.2)/PCL blends and
CB(DS = 2.4)/PCL blends, respectively. (Reproduced from [133])
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ity, in contrast to the case of cellulose ester/VP-containing polymer blends
described in Sect. 3.3.1. At the present stage, there is no definitive expla-
nation for why butyryl and valeryl substitutions are more effective for the
enhancement of miscibility in the binary system of alkyl-esterified cellu-
lose/PCL mixture, but the structural similarity appears to be an important
factor: CB and CV have, most abundantly, the same structural unit as that
of PCL (C – C – O – (CO) – C – C – C or C – O – (CO) – C – C – C – C), if the
carbon atoms C-1 to C-6 in a glucopyranose unit are taken into account.

4
Nanocomposites by Polysaccharide/Inorganic Hybridization

Polymer/inorganic nanocomposites, usually defined as polymer materials
containing a smaller amount of inorganic particles structured at an average
scale (in diameter or thickness) of less than several tens of nanometers, are
expected to be indispensable in future engineering technologies including
biomaterial designing. Well-designed nanocomposites may have properties
superior to those of the parent polymer and/or inorganic species, which has
been partly demonstrated in the field of engineering plastics [134, 135]. A var-
iety of polysaccharide/inorganic nanocomposites has also come out in recent
literatures.

4.1
Layered Clay Hybrids

The concept of reinforcing polymer matrices by exfoliation and microdis-
persion of layered clays as fillers was first successfully applied to a poly-
amide 6/organophillic silicate system by researchers from Toyota (Japan) [134,
135]. Nanocomposites based on this concept offer the potential for diver-
sification and application of polymers, due to their excellent properties
such as high heat-distortion temperature, dimensional stability, improved
barrier properties, flame retardance, and enhanced thermo-mechanical prop-
erties. Nanoreinforcement of cellulosics with organoclay would also create
new value-added applications as high-performance green polymer materials.
Park et al. have recently demonstrated the fabrication of injection-moldable
green nanocomposites from cellulose acetate (CA) powder, ecofriendly tri-
ethyl citrate (TEC) plasticizer, and organically modified montmorillonite
(Cloisite 30B) [136]. As an optimized condition of the processing, the add-
ition of TEC plasticizer at 20 wt % was shown to lead to better intercalation
and exfoliation of clay (5 wt %) as well as better thermal and mechanical
properties of the resulting nanocomposites. According to their subsequent
paper [137], the loading of a compatibilizer, maleic-anhydride-grafted cellu-
lose acetate butyrate (CAB-g-MA) at 5 wt % resulted in further improvement
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in the mechanical properties of the nanocomposites due to enhancement of
the adhesion between the organoclay and the CA molecular chains. There is
significant potential for a steady increase of this kind of work on renewable-
resource-based biodegradable nanocomposites. Additionally, various layered
double hydroxides (LDHs) [138, 139] may also be candidates for inorganic
fillers as well as montmorillonite-type silicates.

4.2
Silica and Metal Oxides Hybrids Using Alkoxide Precursors

The hybridization of polysaccharides with silica has been investigated in pro-
gression by applying a so-called sol-gel process in which the inorganic phase
is usually made via hydrolysis and polycondensation of alkoxysilane (typic-
ally tetraethylorthosilicate, TEOS) in the sol state. For instance, cellulose ac-
etate (CA)/SiO2 hybrid sheets and membranes can be easily obtained by cast-
ing of CA/TEOS mixtures, followed by phase inversion of TEOS. Cellulosic
graft copolymer/SiO2 hybrids are also possible, e.g., through a copolymer-
ization reaction between acrylic acid monomer and hydroxyethyl cellulose
in the presence of a silica sol [140]. The control of the polymer/inorganic
phase separation is a subject that should be pursued in the future, however. In
this regard, there is great interest in the recent successful synthesis of meso-
porous silica monoliths by the sol-gel mineralization method utilizing some
specific assemblies of cellulose or its derivatives as templates [141–144]. For
example, the porous structure of solution-coagulated CA membranes and
even a liquid-crystalline ordered phase of cellulosics can be replicated on an
inorganic frameworks obtained after the organic templates are burned out by
calcination at 400–500 ◦C (Sect. 5.2).

Similar results with metal alkoxide precursors, including the prepar-
ation of highly dispersed alumina (Al2O3) and other metal oxides such as
TiO2, ZrO2, Fe2O3, Nb2O5, and Sb2O3 on cellulose and its derivative sur-
faces, which offer numerous practical applications, have been described in
recent years [141, 145, 146]. Further elaborate modifications of such cellu-
lose/metal oxide composites, undertaken by Gushikem et al., are of par-
ticular interest. They prepared Al2O3 (hydrated) on the surface of cellulose
(CELL) fiber or on a membrane of CA and further modified the com-
posites with a series of silane couplers (C2H5O)3SiL, where L represents
– (CH2)3NH2, – (CH2)3NH(CH2)2NH2, etc. The Al – OH groups of the alu-
mina, distributed uniformly on or in the cellulosic substances, can easily
react with the coupling reagents to form stable Al – O – Si bonds (Scheme 5).
The resulting organofunctionalized cellulosic materials, CELL/Al2O3/SiL
and CA/Al2O3/SiL, can adsorb metal halides (FeCl3, CuCl2, ZnCl2, etc.)
due to complexation between the attached SiL ligand and transition-metal
ions [146, 147]. They also suggested that the CA/Al2O3/Si-aminopropyl
Cu(II) complex, a form of the hybrid CA membrane after capturing CuCl2
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Scheme 5 Preparation of a hybrid membrane CA/Al2O3/SiL [L = – (CH2)3NH(CH2)2NH2]
[146]

in ethanol solution, would be potentially useful for developing a new oxy-
gen sensor utilizing electrochemical properties of copper [146]. Another
CA/Al2O3 composite phosphorylated with H3PO4 was suggested as a sepa-
rator for mixed alkali metal ions, based on the observation of differences in
capacity between the respective metallic cation–proton exchanges on a alu-
minum hydrogen phosphate phase [148].

Meanwhile, Kurokawa and coworkers developed a method of entrap-
immobilization of biocatalysts on fibers, using a gel formation of CA and
metal (Ti, Zr) alkoxide [149, 150]. In their standard procedure, a concentrated
CA solution in acetone, in which an appropriate amount of biocatalyst (e.g.
β-galactosidase, urease) was dispersed, was extruded in gelatinous fiber form
into a stirred acetone solution containing 5–10 wt % titanium iso-propoxide
or zirconium tetra-n-butoxide, through a glass nozzle with N2 compressed
gas. They mentioned that the gel fiber was stable in both organic and aqueous
solutions and easy to handled, and that the resultant immobilized biocata-
lyst showed a high reusability while maintaining the sufficient activity. The
gelation was ascribed to a coordination of the polyvalent metal species with
carbonyl and hydroxyl groups of CA.

4.3
Zeolite Hybrids

Natural and synthetic zeolites, a family of aluminosilicates with pores and
cavities in the range 0.4–1.5 nm, are well-known heterogeneous catalysts
and sorbents. Zeolite-incorporated cellulosic fibers and membranes could
be suitable for medical antibacterial materials, deodorizers, absorbent pads,
sanitary napkins, gas separators, ion exchangers, and so forth; however, the
complete and continual use of the whole zeolite surface is not easy in the
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grossly combined form with such a fibrous organic matrix. One area of inter-
est for research in this field is how to load a zeolite phase into the cellulosic
matrices and how to stabilize this phase.

Mintova et al. studied deposition of zeolite A on various cellulose fibers
pretreated chemically and/or mechanically [151]. It was shown that the
amount of zeolite deposited was controllable by suitable fiber pretreatment
with ball-milling or with diethyl ether under ultrasonic action. The reactive
high-concentration hydroxyl groups on the structurally loosened celluloses
seem to interact with aluminosilicate species and thus promote the formation
of nuclei for zeolite crystallization. Pretreatment of natural cellulose fibers
with alkali provides another simple route for anchoring preformed zeolite
crystallites onto the cellulose surface.

Larsen et al. synthesized zeolite (Y and L)/cellulose composites from Kraft
pulp treated with aqueous NaOH and preformed zeolite powders, the zeolite
content becoming stable (18 and 8 wt % for Y and L, respectively) on wash-
ing with boiling water for several hours [152]. If sodium silicate and sodium
aluminate are previously fed into the NaOH solution to swell the cellulose
fibers; both seeding and crystal growth of zeolites should be simultaneously
realized in the inner area of the fibers under appropriate reaction conditions.
By application of this idea, novel high-performance cellulose composites with
zeolites were produced, the zeolite loading rate lying in a range 32–58 wt %
that changed according to the cellulose source [153].

As an example of hybridization of zeolites with cellulose derivatives, self-
supporting zeolite membranes with a sponge-like architecture and zeolite
microtubes were prepared by using CA filter membranes as a template [154].
The hierarchical structure with sub-nanometer- to micrometer-sized pores
is a characteristic of great promise for a wide range of applications such as
catalysis, adsorption, and separation. There was also an attempt to prepare
alginate membranes incorporated with zeolites, e.g., for pervaporation sepa-
ration of water/acetic acid mixtures [155].

Kitaoka et al. recently developed a new route to fabricate a paper-like
composite containing titanium dioxide (TiO2) and zeolite by a papermaking
technology using cellulose and ceramic (Al2O3/SiO2) fibers as a sheet ma-
trix [156, 157]. The composite sheets were suggested as promising materials
showing a high efficiency for the removal of pollutants or toxic substances,
such as NOx, acetaldehyde, and endocrine-disrupting chemicals from the at-
mospheric or water environments, by a synergistic effect obtained through
the combined use of the TiO2 photocatalyst and the zeolite adsorbent.

4.4
Magnetic Iron Oxides Hybrids

As a functional development towards advanced materials, the design of mag-
netic nanocomposites based on cellulose and related polysaccharides has at-



130 Y. Nishio

tracted considerable attention in the past decade, with potential applications
including information transfer or storage media, fabrics for electromagnetic
shielding, new filtration and separation systems, magnetic drug-delivery sys-

Scheme 6 A typical route for preparing magnetic nanocomposites of gel-forming polysac-
charide/iron oxide by the in situ chemical loading technique. The scheme is also
applicable for the replacement of the carboxyl anion by a sulfo group (– SO3

–)

Fig. 11 Different types of curves of magnetization (M) versus applied field (H). In super-
paramagnetism, the relevant material displays no remanence and coercivity phenomena,
but with a saturation magnetization
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tems. A major technique for the compositions is in situ synthesis [158–165]
of iron oxide nanoparticles in fibrillar suspensions or gels of polysaccharides,
rather than physical loading of magnetic pigments into the polymer matri-
ces. The standard of the chemical loading method consists of three steps
(Scheme 6): (1) ferrous ion-absorption of the original polymer materials fol-
lowing their swelling or gelation in a ferrous salt solution (typically aqueous
FeCl2 or FeSO4); (2) in situ precipitation of ferrous hydroxide by an alka-
line treatment of the swollen polymers usually with aqueous hydroxide of
alkali or alkali-earth metal; (3) oxidation of the ferrous hydroxide with an
oxidizing agent (e.g. H2O2) or O2-bubbling. A significant feature in the adop-
tion of this chemical method is that the composite materials prepared can be
superparamagnetic at ambient temperature; that is, there appears no rema-
nent magnetization (Mr) and coercive force (Hc) in magnetic hysteresis-loop
measurements, in contrast to the common ferro(i)magnetism (see Fig. 11).
The unique magnetic character can be observed when the magnetic particles
are dispersed in the matrix on a scale of less than a few tens of nanometers.

(a) With Cellulose and its Derivatives In the beginning of a sequence of stud-
ies by Marchessault et al., carboxylated or sulfonated celluloses were used
as the polymer matrix to absorb ferrous ions [159, 160]. For example, mag-
netic cellulosic fibers containing ferrite particles of ∼ 10 nm in size were
successfully obtained by the in situ synthesis method with carboxymethyl cel-
lulose (CMC), sulfonated thermomechanical wood pulp (TMP), and similarly
functionalized rayon filaments. All the hybrid materials were shown to be su-
perparamagnetically responsive to an external magnetic field, i.e., they are
only magnetic in the presence of the field.

The reaction process depicted in Scheme 6 may be repeated several times
for the purpose of elevating the iron content and enhancing the oxidization
or modification of the iron compounds precipitated. A superparamagnetic
(SPM) cellulose fiber exhibiting a very high saturation magnetization (Ms),
∼ 25 J/T/kg (= emu/g) of sample, was prepared by synthesizing ferrites in
the sulfonated TMP via five cycles of the reaction [160], as demonstrated in
Fig. 12. Such an SPM character with high Ms implies that while the material
is easily magnetized it never retains the magnetization once the field is re-
moved. Major components of the iron oxides were assigned as maghemite
(γ -Fe2O3) and magnetite (Fe3O4) by diffractometry.

Later the same research group claimed that, in the first step of the in situ
synthesis scheme, ionic functional groups as such are not necessary for the
introduction of ferrous ions into a cellulose matrix [161, 162]. This sug-
gestion was made based on a comparative study of ferrite synthesis be-
tween a case with anionically modified cellulose materials and the other case
with non-ionic cellulose gels, which included a never-dried bacterial cellu-
lose (BC) membrane and a never-dried cellulose wet-spun filament or cast
film (Lyocell) using N-methylmorpholin-N-oxide as the solvent. SPM proper-
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Fig. 12 Magnetization curves observed for sulfonated TMP after one to five cycles of the
in situ reaction for iron oxide loading. (Reproduced from [160])

ties were again demonstrated for all the cellulosic composites by magnetic-
susceptibility curve measurements. The neutral BC and Lyocell gels turned
out to be rather more effective substrates, and BC in particular gave the high-
est yield and most uniform loading of nanometer-sized ferrites [161]. The
dimensions of the fibrillar texture and inner spaces (microvoids) of the cel-
lulose substrate used would seriously influence the diffusion and accessibility
of ferrous ions and oxidizing agents inside the swollen matrix. For the mag-
netic Lyocell and BC membranes obtained by repeating the reaction cycle, the
presence of at least two types of ferrites, acicular FeOOH and round Fe3O4
or γ -Fe2O3, were confirmed by the combined use of transmission electron
microscopy and Mössbauer spectroscopy [162]. It was also pointed out that
cellulose microfibrils, developed well in BC, could provide a site for nucle-
ation of crystal growth of the magnetic particles [163].

There were a few extensions by other research groups that dealt with
the structure and magnetometric characterization of cellulosic-based mag-
netic nanocomposites prepared by in situ loading of iron oxides [166, 167].
The role of the polymer matrix was discussed in connection with the con-
trol of the size and distribution of magnetic nanoparticles. Concerning the
synthesis of the magnetic fillers, a reaction scheme relying on coprecipita-
tion in alkaline medium from a mixed solution of iron(II) and iron(III) salts
(Fe2+ : Fe3+ = 1 : 2) was also considered. Except for the use of the in situ pre-
cipitation method, a successful preparation of magnetic gels composed of
hydroxypropyl cellulose particles (< 100 nm) incorporated with nanosized
maghemite (∼ 7 nm) may call our attention to the importance of colloid tech-
niques [168].
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(b) With Electrolytic Polysaccharides from Natural Algae, etc. According to the
synthetic route outlined in Scheme 6, a few attempts were made to pre-
pare alginate-based magnetic nanocomposites in the form of spherical
beads [164, 165], for possible use in the biomedical and pharmaceutical
fields, e.g., as a novel drug-delivery system.

Alginate is an electrolytic polysaccharide available in bulk from marine
algae. The molecular structure is composed of β-D-mannuronate (M) and
α-L-guluronate (G) residues; however, they are arranged in a block-wise
fashion, constructed not only of homo-polyuronate blocks (MM or GG) but
also of alternating blocks (MG). An aqueous solution of alginate (usually
sodium salt) is readily transformed into a hydrogel on addition of metallic
divalent cations such as Ca2+, Ba2+, and Fe2+. It has been generally ac-
cepted that crosslinks are formed by coordination of the divalent cations
to the interchain cavities made up of GG blocks, resulting in the develop-
ment of a so-called egg-box junction zone [169]. Therefore, this crosslink-
ing zone can be, in the same way as the reaction space, suitable for the
in situ synthesis of iron oxides. Actually, the above efforts [164, 165] demon-
strated nanostructured iron oxide/alginate beads with SPM properties. Llanes
et al. also showed that guluronic-rich alginate (M/G = 0.6) adsorbed a larger
amount of iron and thus retained many more oxide particles inside the
gel matrix compared with mannuronic-rich alginate (M/G = 1.6), but this
was the case using a single cycle of the in situ alkaline oxidation of ferrous
ions [165].

As an embodied application of such magnetic beads, Winnik et al. reported
the preparation of an iron oxide/alginate-based ferrofluid solution (a stable
suspension of magnetic nanosized particles) that is suitable for the fabrica-
tion of microcapsules visible with magnetic resonance imaging (MRI) [170].
Temperature- and field-dependent magnetization measurements for the fer-
rofluid solution revealed that the SPM character was maintained at tempera-
tures down to 25 K, but at 5 K the fluid was ferromagnetic to give a hysteresis
on the M–H curve.

It should be added here that there was a report of preparing magnetic al-
ginate beads by another in situ technique [171] prior to the above studies.
A hydrolysis of urea by urease, producing ammonia, was utilized to make an
alkaline atmosphere inside the alginate gel matrix, instead of the treatment
with caustic alkali in Scheme 6.

Alginate gels are relatively rigid, but usually fragile; this may be a disad-
vantage in processing into non-spherical forms such as films and filaments
via the gelatinous state. Fortunately, as was shown formerly [94], alginate is
compatible with flexible poly(vinyl alcohol) (PVA), and their blend can be
rendered as an interpenetrating polymer network (IPN, Fig. 5) by treatment
with calcium tetraborate solution. This is due to the occurrence of chelate
complexing of alginate with calcium cation and borate-ion-aided crosslink-
ing between PVA chains. Nishio et al. have recently succeeded in construct-
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ing such a full-IPN type of alginate/PVA gels containing iron oxides from
mixed polymer solutions by a modified in situ ferrite synthesis procedure;
the gelation and alkali treatment were carried out with the aid of a metallic
borate [172]. The viscoelasticity of the magnetic IPN composites in the gelati-
nous state was controllable by changing the mixing ratio of the alginate/PVA
pair. Their magnetic character was also variable according to the polymer
composition, alkaline reagent adopted, and measurement temperature. The
observations of superparamagnetism at room temperature for the majority
of the IPNs may be of significance for designs and diverse applications of
new magnetic materials that can be mechanically processed, in addition to
the perceptibility to an external magnetic stimulus only on demand and with
restraint of energy loss.

Inorganic nanoparticles are found in relative abundance in natural or-
ganisms, which possess an ability to mineralize the particles under rela-
tively mild, aqueous conditions, so that the inorganic phases are organized
in association with proteins or polysaccharides [173, 174]. With a view to
understanding such biomineralization processes, there have also been stud-
ies [175–178] dealing with the formation and stabilization of mainly iron(III)
oxyhydroxy nanoaggregates in the presence of alginic acid, κ-carrageenan,
chitosan, or other functional water-soluble polymers.

4.5
Apatite Deposition

One of the important fields where carbohydrate polymer/inorganic hybrids
may be successfully applied is bioactive materials, e.g., artificial bones ex-
pedient for surgery to accelerate the recovery of living bones. There has
been increasing interest in hydroxyapatite (HAp) deposition onto the matrix
surface of cellulose or related polysaccharide. HAp is a form of calcium phos-
phate, a main constituent of the inorganic phase of human bone. This kind of
study is also a step on the way to exploitation of new biomimetic mineraliza-
tion methods.

For instance, microcrystalline cellulose, previously modified with titanium
iso-propoxide, was shown to be effective for HAp crystal growth [179]. It is
likely that the alkoxide can react with the primary hydroxyl of cellulose to
produce three new labile hydroxyl groups as true active sites to react with the
calcium and phosphate ions to start the growth of HAp. There are also some
examples of HAp preparation using chitin, chitosan, and their modified poly-
mers as scaffolds [180–182]. As a suggestive guidance, Kawashita et al. draw
an inference that carboxyl-group-containing organic polymers form apatite
on the surfaces of their gels in a simulated body fluid, if their carboxyl groups
have been previously fully combined with calcium ions, e.g., in a saturated
Ca(OH)2 solution [182]. This conclusion was based on a comparative soaking
experiment with and without the Ca(OH)2 pretreatment between gel sam-
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ples of carboxymethylated chitin and gellan gum, both containing carboxyl
groups, and of curdlan which does not contain the group.

5
Mesomorphic Ordered Systems

Cellulosic polymers are capable of forming an optically anisotropic meso-
phase in a condensed fluid state due to the inherent semi-rigidity in the
carbohydrate backbone. The supermolecular structure in the mesophase is
usually cholesteric (or chiral nematic) (Fig. 15), with possible exceptions such
as a columnar type found for thermotropic cellulose trialkanoates. Although
there remain unresolved problems concerning the formation of lyotropic and
thermotropic liquid-crystalline phases based on cellulose, the general fea-
tures of their mesomorphic state and optical or chiro-optical behavior are
firmly established [183–188]. Further progress in this field may be moti-
vated by efforts to obtain new functional or high-performance materials from
liquid-crystalline cellulosics. In the past decade, in fact, there have been many
noteworthy works along this line. The following review aims to give an out-
line of recent advances in the functionalization and application of cholesteric
liquid crystals of cellulosics, mainly those involving other polymeric or inor-
ganic components. Some related fundamental studies and preliminary obser-
vations are also quoted from necessity.

5.1
Ionic Additive Effects on Mesomorphic Properties

Liquid-crystalline solutions and melts of cellulosic polymers are often colored
due to the selective reflection of visible light, originating from the cholesteric
helical periodicity. As a typical example, hydroxypropyl cellulose (HPC) is
known to exhibit this optical property in aqueous solutions at polymer con-
centrations of 50–70 wt %. The aqueous solution system is also known to
show an LCST-type of phase diagram and therefore becomes turbid at an
elevated temperature [184].

The optical characteristics of aqueous HPC solutions are significantly af-
fected by the addition of neutral salts as the third component [189–192];
in brief, the wavelength (λM) of maximum light reflectance and the cloud
point (Tc), which are correlated with the cholesteric pitch (P) and phase-
separation temperature, respectively, vary systematically with a change in the
strength of a so-called chaotropic effect of the ions constituting the addi-
tive salts. For instance, the effectiveness of increasing P and Tc becomes
more pronounced in the order Cl– < Br– < NO3

– < I– < SCN– and the order of
Cs+ < K+ < Na+ < Li+ < Gu+ (guanidinium ion), when compared in a series of
salts with a common cation or anion, where Cl–, Br–, and most alkali-metal
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cations are antichaotropic (enhancing the hydrophobicity of the solute sub-
stance) for the aqueous cellulosic solutions. In a deuteron NMR study [189],
it was suggested that the added salts would be able to regulate subtly a con-
formational state of liquid-crystalline HPC, to induce a marked change of the
cholesteric twisting power (P–1) without disturbing the molecular orientation
order in each of the nematic layers. (However, the viscoelasticity of the liquid
crystals may change depending on the ion species of the coexistent salt [191].)
The degree and directional sense of the effectiveness of a given salt at altering
the optical parameters λM and Tc are determined by the algebraic sum of the
respective effects of its constituent ions, and thus the coloration and turbidity
of the aqueous HPC lyotropic system can be controlled as desired by selecting
the combination of cation and anion species, as illustrated in Fig. 13a.

Quite recently, a series of N-alkyl substituted imidazolium salts has been
evaluated for additive effects on the mesomorphic behavior and ensuing op-
tical properties of HPC aqueous solutions, followed by characterization of
the thermotropicity of novel cellulose derivatives with such an ionic liquid
structure in the side-chains [193].

Aqueous suspensions of cellulose microcrystallites obtained by acid hydro-
lysis of native cellulose fibers can also produce a cholesteric mesophase [194].
Sulfuric acid, usually employed for the hydrolysis, sulfates the surface of the
microcrystallites and therefore they are actually negatively charged. Dong
et al. performed some basic studies on the ordered-phase formation in col-
loidal suspensions of such charged rod-like cellulose crystallites (from cotton
filter paper) to evaluate the effects of addition of electrolytes [195, 196]. One
of their findings was a decrease in the chiral nematic pitch P of the anisotropic
phase, with an increase in concentration of the trace electrolyte (KCl, NaCl,
or HCl of < 2.5 mM) added. They assumed that the electric double layer on

Fig. 13 a Salt addition effect on the selective light-reflection phenomenon of aqueous HPC
liquid crystals; b variation in the cholesteric reflection color with time, observed for an
HPC/LiI/water system under the action of an electric field E = 4.5 V/15 mm. HPC conc.,
62.5 wt %; salt concentration, 0.5 M; temp., 20 ◦C
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the crystallite rods was suppressed at higher ionic strengths, resulting in the
stronger chiral interaction between the crystallites leading to a lower P.

Araki and Kuga investigated similar microcrystal suspensions prepared
by sulfuric acid hydrolysis of bacterial cellulose (BC) [197]. The system
also underwent spontaneous mesophase separation after complete desali-
nation, but the anisotropic phase was of a nonchiral nematic order, unlike
the case of other cellulose microcrystallites from higher plants which form
a cholesteric phase (the supermolecular helicoidal arrangement is usually
left-handed [198, 199]). Addition of < 1 mM NaCl induced cholesteric chi-
rality in the originally nematic BC phase, however. This phenomenon was
explained as being due to the change in the effective particle shape, from
a cylindrical to a clearly twisted rod as a result of screening of the surface
charge, which agrees with the concepts stated by Dong et al.

A regioselectively substituted cellulose ether, 6-O-trityl-2,3-O-diPEOcellu-
lose (TPEOCELL), as formulated in Scheme 7, was synthesized due to interest
in its ion-conducting function (Sect. 5.4) [200]. The poly(ethylene oxide)
(PEO) side-chains are about seven units long. This cellulose derivative forms,
by itself, a right-handed cholesteric mesophase at room temperature with
a selective reflection band in the visible region. The Tg and a clearing tem-
perature (isotropic point) as a thermotropic material were estimated to be
about – 50 ◦C and 140 ◦C, respectively. Due to the complexing ability of the
PEO side-chains, TPEOCELL can be a good solid solvent for salts such as
LiCF3SO3, NaCF3SO3, (CF3SO3)2Cu, and LiClO4. Generally, the doping of
the salts caused a significant untwisting of the cholesteric structure, causing
a red-shift in the selective light reflection.

The observations introduced above are all suggestive of subsequent de-
velopments of high-added-value materials or modern functional systems

Scheme 7 Preparation of 6-O-trityl-2,3-O-diPEOcellulose (TPEOCELL) [200]
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designed by using the cellulosic liquid-crystallinity, as described in the fol-
lowing sections. Among other works, there was an examination of the effect
of addition of inorganic salts on the mesophase formation of hydroxyethyl
cellulose acetate (HECA) in dimethylformamide [201]. In the presence of the
transition-metal salts CuCl2 or CoCl2 the ability of HECA to form liquid
crystals seems to be promoted by complexation with the transition-metal
ions, unlike the case using LiCl or CaCl2, although the details are not clear.
Kryszewski et al. reported on the preparation of cellulose microcrystallites
complexed with Fe(III), the products being brownish, stable in air and redis-
persible in water [202]. Such iron-attached cellulose nanorods may be useful
as an anisotropic component to develop novel functional materials, although
this possibility was not explicitly embodied in that work.

5.2
Locking-in Mesomorphic Order in Solids and Gels

There have been a lot of studies of cholesteric films and gels in order to
exploit their potential as specific optical media and as other functional ma-
terials. Most of the preparations were achieved by modification or improve-
ment of previous attempts to immobilize the cholesteric structure of cellu-
lose derivatives into the bulky networks either by crosslinking of cellulosic
molecules with functional side-chains in the liquid-crystalline state [203], or
by polymerization of monomers as lyotropic solvents for cellulose deriva-
tives [204–206].

Huang et al. [207–209] studied the optical, mechanical, and swelling
properties of ethyl-cyanoethyl cellulose [(E-CE)C]/poly(acrylic acid) (PAA)
composites endowed with cholesteric architectures, the samples being pre-
pared by photopolymerizing acrylic acid and, if necessary, with simultaneous
crosslinking of PAA. In Cowie’s laboratory, concentrated solutions of cellu-
lose tricarbanilate (CTC) in methyl acrylate (MA) and in methyl methacrylate
(MMA) were solidified by photopolymerizing the monomers, and the re-
sulting opalescent composites were characterized by dynamic mechanical
analysis, tensile testing, and electron microscopy [210]. In a similar manner,
cholesteric films of 4-methylphenylurethane of cellulose with poly(N-vinyl
pyrrolidone) [211], and ternary blend films of ethyl cellulose (EC)/acetylated
EC (AEC)/PAA [212] were prepared to allow the evaluation of their chiro-
optical properties and morphological characteristics.

There have been continuing works by Suto et al. [213–217] on the prepar-
ation of cholesteric solid films of hydroxypropyl cellulose (HPC) crosslinked
preferably with glutaraldehyde. Coloring conditions [213, 217], swelling [215,
216], and tensile-creep behavior [214] of the crosslinked HPC films were ex-
amined. Also, the permselectivity of O2/N2 gasses for such liquid-crystalline
cellulosic films was reported to become greater than that for the correspond-
ing amorphous ones [218].
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Before and after the works described above, contributions to the design
and fabrication of similar multicomponent films or gels of cholesteric char-
acter, mainly based on HPC, EC, or their derivatives were also made [202,
219–224]. Some of these [219, 220, 224] dealt with shear-deformed network
systems preserving a unique banded structure, so that the disappearance
and recovery of the optical anisotropy could be controlled thermo-reversibly.
Special mention should be made of the successful preparation of two novel
classes of solid materials maintaining cholesteric liquid-crystalline order. One
consists of essentially pure cellulose only, and the other is a ceramic silica
with an imprint of cellulosic chiral mesomorphy.

According to Revol et al. [198], iridescent films can be produced from
cholesteric liquid-crystalline suspensions of acid-treated cellulose micro-
crystallites in water by simple evaporation. They also described that the
cholesteric pitch of the resulting films could be controlled by changing the
ionic strength of the casting suspensions, e.g., by addition of NaCl, KCl, etc.
(Sect. 5.1). Such a cellulose assembly reflecting colored light is certainly at-
tractive for applications as components of security papers, and as decorative
films and pigments.

On the other hand, Mann et al. [143] and Antonietti et al. [144] used the ly-
otropic liquid-crystalline phase of cellulose microcrystallites and that of HPC,
respectively, as mesoscopic templates to generate porous silicas by the sol–
gel conversion of tetramethoxyorthosilicate (TMOS). In the latter example,
HPC was mixed with aqueous hydrochloric acid and TMOS at a polymer con-
centration of ≥ 58 wt %, and the mixture was sealed in a rubber tube and
matured to organize a cholesteric mesophase in the solution. The conden-
sation of TMOS promoted in an open system using low-vacuum application
resulted in the production of an iridescent organic/inorganic hybrid material,
but with the average reflection wavelength shorter than the parent solution.
The HPC/silica hybrids thus obtained were transformed into monolithic sili-
cas with a cholesteric pore structure by removing the organic template using
calcinations at 550 ◦C. Such mesoporous materials may offer potential appli-
cations in enantioselective separation techniques, and color-displaying and
other modern technologies requiring chiral photonic elements.

5.3
Control of Mesomorphic Structure and Properties by External Stimulation

(a) Magnetic Field Application Liquid-crystalline aqueous suspensions of cellu-
lose microcrystallites can be oriented by applying a magnetic field (ca. 2–7 T),
where the cholesteric axis aligns parallel (i.e., individual nematic planes be-
ing perpendicular) to the field direction, because of the negative diamagnetic
susceptibility of the cellulose crystallites [225, 226]. This magnetic alignment
was made available in fabrication of uniformly colored cholesteric films of
cellulose with a homogeneous planar orientation [198], as well as in basic
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structural characterizations of the cellulose microcrystal per se and its assem-
bly [226, 227].

Similar effects in an external magnetic field were investigated for cholest-
eric mesophases of ethyl-cyanoethyl cellulose [(E-CE)C] in dichloroacetic
acid (DCA) [228, 229] and in acrylic acid [228]. The cholesteric axis was
also found to align essentially parallel to the direction of the magnetic field
(9.4 T) after the mesomorphic solutions were treated in the field, indicat-
ing a negative diamagnetic anisotropy of the cellulose derivative molecule.
It was emphasized, however, that the effect of the magnetic field on the
orientation and helical pitch of the cholesteric phase of (E-CE)C/DCA de-
pended on the concentration of the solution used, and, particularly in the
anisotropic/isotropic biphasic samples of lower concentrations, the magnetic
effect was largely restrained by the surface tension of the discrete cholesteric
domains [229].

(b) Electric Field Application Chiba and Nishio et al. [230] made an attempt
to control the optical properties of the aqueous HPC/salt system electrically
(Sect. 5.1). In general, it is not easy to manipulate the mesomorphic struc-
ture and properties of main-chain-type liquid-crystalline polymers in such an
external electrical way due to their low sensitivity to an electric field at prac-
tical magnitudes. By virtue of the electrophoretic motility of the coexistent
salt ions as P and/or Tc shifts, however, dynamic variation in the cholesteric
coloration and/or optical turbidity of the HPC solutions can be achieved
under the action of a relatively weak electromotive force (e.g. 4.5 V) to ap-
propriate electrodes in contact with a layered sample. Figure 13b represents
diagrammatically a time-evolving gradation in reflection color, observed for
a LiI-containing HPC liquid crystal that was uniformly colored orange in the
initial stage. It was reasonably assumed that the electrical stimulation allowed
the ion particles to migrate and localize in the lyotropic system, resulting in
a certain gradient of P and/or Tc in response to the nonuniform distribution.

As an extension of the above study, cholesteric colored films were prepared
from HPC anisotropic solutions in a mixed solvent containing methacrylate
monomer and crosslinking agents via photopolymerization and crosslinking
steps. When the films were immersed in aqueous salt solutions, their coloration
and optical turbidity varied depending on the strength of the chaotropicity of
the impregnant ions [231]. The visual appearance of the swollen networks was
also changed by the application of an electric potential between two edges of
the rectangular samples (R. Chiba et al., personal communication) in a manner
similar to that observed for the electrified liquid-crystalline HPC/salt aqueous
solutions.

(c) Mechanical Compression An impressive work on the functional design of
liquid-crystalline cellulose derivatives was accomplished by Müller and Zen-
tel [232, 233], mainly concerned with the manipulation of the wavelength
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Scheme 8 Cellulose urethane derivatives, and their mixing partners to make cholesteric
liquid crystals [233]

of selective light reflection by various external stimuli. As illustrated in
Scheme 8 [233], they synthesized different urethane derivatives (carbanilates)
of cellulose by full substitution reactions with phenyl isocyanate having a
– CF3 or – Cl group in the meta-position and, if necessary, also with iso-
cyanoazobenzene (see item d) below). The derivatives were used to make
a lyotropic cholesteric mesophase using mono- and bisacrylates as solvents.

For example, the selective reflection of a cholesteric mixture of deriva-
tive 1 (∼ 45 wt %)/monomer 2 (diethylene glycol dimethacrylate) covered the
whole visible spectrum in a narrow temperature range; i.e., the mixture was
bluish at 20 ◦C, greenish at 30 ◦C, and reddish at 50 ◦C. Therefore, by succes-
sive photo-crosslinking of the liquid-crystalline sample at different tempera-
tures through a mask, a colored picture or pattern could be fixed onto the
resulting composite film.
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Fig. 14 UV-VIS spectra of a cholesteric elastomer, based on a mixture of derivative 2
(44 wt %), monomer 1 (52 wt %), and monomer 2 (3 wt %), crosslinked at 32 ◦C. Ar-
rows indicate the maximum position of the selective light-reflection band. (Reproduced
from [233])

When a lyotopic system of derivative 2 (44 wt %)/monomer 1 [2-(2-
ethoxyethoxy) ethyl acrylate] (52 wt %)/monomer 2 (3 wt %) containing
a photo-initiator at 1 wt % was photo-crosslinked at 32 ◦C, a flexible film
was produced, giving a selective reflection band centered at 465 nm (col-
ored bluish), as shown in Fig. 14. If the film was compressed between glass
slides so that the thickness decreased to 90% of its original size, then the
wavelength of selective reflection dropped to 420 nm (dark violet hue). After
the film was relaxed, accelerated by heating at 50 ◦C, the original reflection
color was recovered. This suggests applicability as a rewritable recording
medium.

(d) Photoisomerization of Pendant Groups According to the continued efforts
by Müller et al. [233], an azobenzene moiety containing co-urethane of cel-
lulose, derivative 3 in Scheme 8, formed a right-handed cholesteric phase in
monomer 2; the maximum reflection peak appeared at a wavelength longer
than 550 nm at ∼ 45 wt % of the derivative, which contained 3.6 wt % of
3-phenylazopheny carbamoyl side groups. As is well known, such azo chro-
mophores undergo a trans–cis isomerization photochemically, e.g., by 365 nm
irradiation for the trans to cis and > 400 nm irradiation for the cis to trans
transitions. It was demonstrated for the lyotropic system of derivative 3
(44.3 wt %)/monomer 2 (55.7 wt %) that the wavelength of the selective re-
flection can be changed reversibly by photoisomerization of the pendant
azobenzene groups. This may be ascribed to the photochemical variation of
the cholesteric pitch in a reversible manner, as represented diagrammatically
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Fig. 15 Schematic representation of the photoisomerization effect on a cholesteric meso-
phase based on azo-chromophore-containing cellulose derivative molecules. (Quoted
from [233] with an adequate modification)

in Fig. 15. However, the observation of a comparatively larger pitch in the cis
form of the azo side-groups was not explained satisfactorily.

As an additional remark, the same research group designed a cholesteric
network that acted as a humidity sensor, using a derivative of HPC esterified
with acryloyl chloride to a low degree of substitution (0.22). The HPC acry-
late hydrogel can change the cholesteric pitch, and thereby the reflective color
changes with water uptake.

5.4
Other Novel Functionalities

An effort to combine the thermotropic liquid-crystalline properties of
selected cellulose derivatives with the ion-conductive characteristics of
poly(ethylene oxide) (PEO) has currently been pursued [234, 235]. TPEO-
CELL shown in Scheme 7 is a representative sample.

The ion conductivities of a range of TPEOCELL complexes with LiCF3SO3
were examined by AC impedance spectroscopy from 293–373 K, so that all
the complexes remained in the liquid-crystalline state during the measure-
ments [235]. The inorganic salt concentration, indicated by the molar ratio
of lithium ions to oxygens in the polymer chain, [Li]/[O], ranged from 0.038
to 0.125. The bulk conductivities were ∼ 10–6 Scm–1 at ambient temperatures
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and ∼ 10–4 Scm–1 at 373 K, comparable in magnitude to other PEO-based
systems, and assuming a maximum at a certain salt concentration that be-
came higher as the temperature was raised. (However, the conductivities
may be taken as rather medial values, considering a recent report [236] of
∼ 10–4 Scm–1 at 300 K for a fully cyanoethylated HPC derivative dissolving
LiClO4). Interestingly, the salt-incorporated TPEOCELL liquid crystals exhib-
ited a linear Arrhenius dependence of log (conductivity) on reciprocal tem-
perature, in contrast to the majority of amorphous solid polymer electrolytes
for which a nonlinear dependence is generally observed. Nevertheless, the
activation energies for ion transport in the TPEOCELL/LiCF3SO3 complexes
were in the range 53–73 kJ mol–1, being the same order of magnitude as that
for many amorphous systems.

Wendorff et al. synthesized various types of liquid-crystalline HPC esters
with aliphatic or aromatic acyl substituents, acting on the potential of the
products as a nonlinear optical medium for applications in optoelectronics,
e.g., in organic light-emitting devices or sensors [237, 238]. Most series of
derivatives prepared at different degrees of substitution displayed cholesteric
reflection colors without solvents over a range of temperatures covering room
temperature. They studied the light absorption and emission properties for
guest–host systems composed of a pair of the HPC esters and chromophores
such as coumarins [237], and further for some ester derivatives with chro-
mophores linked covalently onto the original HPC molecule [238]. The char-
acterization of the photo- and electroluminescence was detailed, but a lim-
iting factor was pointed out with respect to optoelectronic applications for
liquid-crystalline cellulose derivatives: it seems difficult to obtain relevant
films with uniform orientation of the cholesteric axes as well as better helical
periodicity.

Further challenges need to be addressed for the functional development
of liquid-crystalline cellulosics, coupled with the elucidation of fundamen-
tal aspects of their chiral nature. In addition, the potential thermotropicity
of cellulose microcrystallites with the surfaces modified adequately and ma-
nipulation of the cholesteric sense (handedness) in the helically arranged
molecular assembly are embryonic but fascinating subjects in this research
field.

6
Concluding Remarks

The present review is mainly concerned with the preparation and functional-
ization of microcompositional materials with cellulosic polysaccharides as the
principal component, including four major categories: graft copolymers, mis-
cible or compatible polymer blends and networks, polysaccharide/inorganic
nanohybrids, and mesomorphic ordered systems. Ultrathin layers of cellulosic
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polymers were not within the scope of this review, but there have been ex-
tensive studies accompanied by marked progress in that field, especially in
Germany, as was demonstrated for a specific class of hairy-rod macromolecule
cellulose derivatives, which can form multilayered assemblies [239].

Looking over the studies summarized in this article, we find that signifi-
cant synergetic effects between physical and physicochemical properties, in-
cluding optical, thermal and tensile behavior, swelling, adsorption, and other
conjugative responses, can be observed in cellulosic and related polysaccha-
ride materials. In addition, microscopic incorporation of other polymeric
or inorganic ingredients can cooperatively interact with relevant polysac-
charides. Essential factors that are required for these achievements are the
inherent characteristics of cellulosic polymers, such as side-group reactiv-
ity allowing derivatization, the ability to form hydrogen bonds, complexing
ability, conditionally changeable hydrophilic/hydrophobic nature, enzymatic
degradability, semi-rigidity, chirality, etc. The observation of such desirable
effects indicates the acquisition of functional diversity in cellulosics-based
materials, but does not directly ensure practical application. The next decade
should witness the industrial use of a wide spectrum of products derived
from the efforts.

An important step towards designing multicomponent systems, the for-
mation of a so-called microphase separation structure, has never been ac-
complished for cellulosic bulk materials. More-elaborate graft copolymeriza-
tion could enable the formation of such a regulated microdomain structure.
Currently, however, precisely designed block copolymers composed of cel-
lulosic/synthetic polymer segments will be required for both morphological
and functional reasons. Recent progress in the synthesis of fine cellulosics,
each having a definite molecular structure [240–242], should greatly con-
tribute to reaching this goal in the near future.
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Abstract Reaction with specific scavenger agents, so-called trapping, is a direct way to
prove the occurrence of reactive intermediates in a reaction system, and thus to elucidate
the underlying reaction mechanisms. After an introduction on chemical intermediates,
chemical trapping and the peculiarities of trapping methodology in the presence of cel-
lulose, four chapters from cellulose chemistry were selected to illustrate how trapping
can be used to determine reactive intermediates, to prove the occurrence of reactive in-
termediates in the respective reaction system, and to finally help establish the reaction
mechanism. The four topics are: radical and ionic intermediates in Lyocell dopes that
cause cellulose degradation, the chemistry of cellulose in DMAc/LiCl solutions, aging of
alkali cellulose under steeping conditions, and cellulose degradation during carbanilation
in dimethyl sulfoxide (DMSO) mixtures.

Keywords Cellulose · Trapping · Reactive intermediates · Reaction mechanism

Abbreviations
DMAc N,N-dimethylacetamide
DMSO dimethyl sulfoxide
DP degree of polymerization
EPR electron paramagnetic resonance
GPC gel permeation chromatography
HPCE high-performance capillary electrophoresis
IR infrared
NMMO N-methylmorpholine-N-oxide
NMR nuclear magnetic resonance
SOMO single occupied molecular orbital
THF tetrahydrofuran
TLC thin-layer chromatography

1
Reactive Intermediates and Trapping Reactions

1.1
Chemical Intermediates

A chemical intermediate is a species that is neither starting material nor
product and occurs only in multi-step reactions. The term chemical interme-
diate should not be mixed up with the term transition state. While the latter
portrays the geometry of highest potential energy along the reaction coordi-
nate of an elementary reaction step, the former describes an individual, albeit
short-lived, chemical compound with transition states leading to and from
it. When generated in a chemical reaction, intermediates will quickly con-
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vert into another, more stable, molecule. Most chemical reactions consist of
more than one elementary step, and thus inevitably involve chemical interme-
diates. The series of elemental steps makes up the reaction mechanism. The
knowledge on each single step is thus necessary to formulate the complete
mechanism of the overall reaction.

If the example reaction A + B → C is considered, it may proceed according
to the separate steps A + B → X and X → C; in this case X is the chemical in-
termediate. The amount of an intermediate present in a reacting system at any
instant of time will depend on the rate of the step by which it is formed and
the rate of its subsequent reaction. A qualitative indication of the relation-
ship between intermediate concentration and the kinetics of the reaction can
be gained by comparing the rate constants of the reactions for intermediate
production and consumption, as shown in the following for the most general

two-step mechanism: reactants
k1

–→ intermediate
k2

–→ products. In some reac-

tions, the situation k1 > k2 exists. Under these conditions, the concentration
of the intermediate will build up, and the reactants are consumed faster than
the products are formed. It will be possible to isolate, or at least to observe,
the intermediate. In most reactions, the opposite case k2 > k1, or the case that
both constants are very large, is found. Only a very small concentration of
the intermediate will exist at any time. The reaction proceeds too rapidly to
permit isolation of the intermediate, which will thus be a rather transient or
short-lived species. Often, the term reactive intermediates – which is also pre-
ferred in the following – is used to distinguish such species from the isolable
and more stable chemical intermediates in the case k1 > k2.

Examples for frequently encountered intermediates in organic reactions
are: carbocations (carbenium ions, carbonium ions), carbanions, C-centered
radicals, carbenes, O-centered radicals (hydroxyl, alkoxyl, peroxyl, superox-
ide anion radical etc.), nitrenes, N-centered radicals (aminium, iminium),
arynes, to name but a few. Generally, with the exception of so-called persist-
ent radicals which are stabilized by special steric or resonance effects, most
radicals belong to the class of reactive intermediates.

1.2
Spectroscopic Detection of Intermediates

Identification of the intermediates in a multi-step reaction is the major ob-
jective of studies of reaction mechanisms. It is most useful to study inter-
mediates present in low concentrations without chemical interference with
the reacting system, i.e. by rapid spectroscopic methods. The most common
methods in organic chemistry include ultraviolet–visible (UV-VIS), IR, and
EPR spectroscopy. In principle, all other spectroscopic methods for the detec-
tion of reaction intermediates are also applicable provided that they are fast
enough to monitor the intermediate and able to provide sufficient structural
information to assist in the identification of the transient species.
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UV-VIS and IR spectroscopy are often combined with the technique of
fast cooling to detect and identify highly unstable intermediates. The quickly
decreasing temperature drastically decreases reaction rates and mobility so
that it becomes more likely to get a spectroscopic snapshot of the intermedi-
ate. An extreme example of this technique is called matrix isolation. In this
method, the intermediate is trapped in a solid inert matrix, usually argon or
another inert gas, at very low temperatures. Because each molecule is sur-
rounded by inert gas atoms, there is no possibility for further intermolecular
reactions and the rates of intramolecular reactions are slowed down by the
low temperature. Matrix isolation is a very useful method for characterizing
intermediates in photochemical or gas-phase reactions.

Free radicals and other intermediates with unpaired electrons can be de-
tected in extremely low concentrations by electron paramagnetic resonance
(EPR). This technique measures the energy absorbed to reorient an electronic
spin in a magnetic field. It provides structural information on the basis of
splitting of the signal by adjacent nuclei, much as in NMR. EPR is not only
very sensitive but also very specific: as diamagnetic molecules present give no
signals, the possibility for interference is greatly decreased. The method can
only be applied to homolytic reactions, i.e. processes involving paramagnetic
intermediates. Because of its sensitivity, it is important to demonstrate that
any paramagnetic species detected are true intermediates rather than being
involved only in minor pathways.

In the use of all spectroscopic methods, it must be remembered that the
simple detection of a species does not prove that it is an intermediate. It
must also be shown that the species is converted to the product. Therefore,
it is necessary in most cases to determine the kinetics of the production
and consumption of the intermediate and to demonstrate that this is con-
sistent with the species being an intermediate, which in most cases is rather
difficult.

1.3
Trapping of Reactive Intermediates

In contrast to the spectroscopic techniques, which in most cases provide only
an indication for the occurrence of the intermediate but no unambiguous
proof, trapping experiments – if successful – are capable of providing solid
evidence for the occurrence of a reactive intermediate. In addition, the chem-
ical structure of the intermediate will become evident. For trapping a reactive
intermediate, a compound that is expected to react specifically with the in-
termediate in a well-defined manner is added to the reaction system. This
reagent stops or slows down the reaction to the usual reaction product by
competitively converting the intermediate into a different product. The inter-
mediate is thus diverted from its normal reaction course, and evidence for
the existence of the intermediate is obtained if the structure of the trapped



Reactive Intermediates in Cellulose Chemistry 157

product is consistent with expectation. Occurrence of the expected trapping
product confirms the intermediacy, clarifies the structure of the intermediate,
and proves the stepwise nature of the overall reaction.

The particular reasons for employing trapping methodology can be mani-
fold:

• if it is not possible to isolate a chemical species or to detect it by spectro-
scopic means,

• if the concentration of the intermediate is very small and below the detec-
tion limit,

• if the occurrence of a species is assumed but not verified,
• if the observed outcome of a reaction needs to be related to an intermedi-

ate compound,
• if a reaction takes an unexpected course that must be clarified, or
• if the intermediate concentration at a certain point of time needs to be

quantified.

The most prominent application of trapping methodology is to prove the
occurrence of chemical species in a reacting system. From this knowledge,
the processes leading to the intermediate and its subsequent reactions can
be deduced, and the presence of the intermediate can be correlated with the
experimental observations. Eventually, this will lead to clarification of the re-
action mechanism of the sequence in which the intermediate is involved.

As the whole breadth of chemistry is found for reactive intermediates, the
same must in principle be true for trapping agents. However, the well-defined
action of trapping agents allows the definition of some general rules as to
their chemical and physical properties. An ideal trapping agent should per-
form the following tasks and exhibit the following properties:

• selective reaction with the intermediate,
• formation of stable trapping products which do not undergo subsequent

conversions,
• no parallel reactions with other species in the reaction system,
• much faster reaction rate of the trap with the intermediate than that of the

intermediate to the usual products,
• formation of trapping products that unambiguously report the presence

of the intermediate (no other reaction that the trapping reaction of the
specific intermediate must lead to the trapping product),

• formation of a trapping product that can be separated from the reaction
mixture.

1.4
Trapping Methodology in Cellulose Chemistry

In general, all the above characteristics of trapping agents also apply to re-
actions involving cellulose. However, there are some peculiarities if trapping
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methodology is to be applied in cellulose chemistry, which make the ap-
proach even more intricate than in conventional organic chemistry.

• Reactions of intermediates with cellulose will be polymer-analogous reac-
tions. The reaction will occur more or less randomly along the polymer
chain and will thus likely be difficult to prove or to relate to specific loca-
tions along the polymer chain.

• Typical reactions of cellulose, such as oxidation or chain cleavage, can be
caused by many different reagents and conditions. It will thus be difficult
to relate the reaction outcome to the presence of a specific intermediate.

• In the case of cellulose solutions, the reaction mixture will be rather vis-
cous, which limits the intimate admixing of the trapping agent and quick
reaction with the species to be trapped.

• In heterogeneous reactions involving cellulose, the accessibility for the
trapping agent is a major problem.

• In both homogeneous and heterogeneous mixtures involving cellulose, the
system is likely to be rather complex, so that separation and identification
of trapping products might prove difficult.

In the following, four selected chapters from cellulose chemistry will illustrate
how trapping was used in the hunt for reactive intermediates.

The first section covers the chemistry of cellulose solutions in an amine N-
oxide solvent (NMMO), the so-called Lyocell chemistry, as encountered in the
industrial production of cellulosic Lyocell material. The system is character-
ized by high reaction temperatures, the presence of a strong oxidant and high
complexity by multiple (homolytic and heterolytic) parallel reactions. Trap-
ping was used to address the questions that reactive intermediates are present
in Lyocell solutions and are responsible for the observed side-reactions and
degradation processes of both solvent and solute.

The second chapter deals with cellulose solutions in yet another solvent
system for cellulose, namely DMAc/LiCl, which is not used on an industrial
scale as is NMMO, but on the laboratory scale for analytical purposes. The
presence of the somewhat exotic reaction medium poses special requirements
on trapping methodology that was used to clarify the mechanisms of differ-
ent degradation processes. This issue was of importance since maintenance of
cellulose integrity is the key prerequisite for any analytical procedure which
should report the polymer characteristics of the genuine cellulosic material.

The third chapter is concerned with the detection of a highly reactive in-
termediate, hydroxyl radicals, upon alkalization of cellulose. This processing
step is frequently used in cellulose chemistry, especially in industrial-scale
production of cellulose ethers and viscose. The presence of hydroxyl radicals
with their inherent high reactivity and low selectivity would have implica-
tions as to the appropriate choice of reaction conditions and the underlying
reaction mechanisms. However, the extreme conditions – working in concen-
trated lye – made application of trapping methodology especially challenging.
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The final section addresses degradation and oxidation reactions in a com-
monly used derivatization system for cellulose, a mixture of DMSO and
phenyl isocyanate to achieve cellulose carbanilation, e.g. for analytical pur-
poses. Mechanistic studies were aimed at verifying the assumed oxidative
action of this reaction system, and trapping methodology was employed to
detect responsible intermediates.

2
Cellulose Solutions in NMMO (Lyocell)

2.1
Cellulose and NMMO Degradation in Lyocell Dopes

N-Methylmorpholine-N-oxide monohydrate, a tertiary, aliphatic amine N-
oxide, is able to dissolve cellulose directly, i.e. without chemical derivatiza-
tion, which is used on an industrial scale as the basis of the Lyocell process [1,
2]. This technology only requires a comparatively low number of process
steps compared for instance to traditional viscose production. Cellulose ma-
terial – mainly fibers – are directly obtained from the cellulose solution in
NMMO; no chemical derivatization, such as alkalization and xanthation for
rayon fibers, is required [3]. The main advantage of the Lyocell process lies
in its environmental compatibility: very few process chemicals are applied,
and in the idealized case NMMO and water are completely recycled, which
is also an important economic factor. Even in industrial production systems
NMMO recovery is greater than 99%. Thus, compared with cotton and viscose
the Lyocell process pertains a significantly lower specific environmental chal-
lenge [4]. Today, Lyocell fibers are produced on an industrial scale, and other
cellulosic products, such as films, beads, membranes and filaments, are also
currently being developed or are already produced commercially.

As NMMO is a solid at room temperature, dissolution and processing of
the spinning dope require elevated temperatures of about 100 ◦C. The dope
is spun into an air gap and water, where cellulose is regenerated and NMMO
is washed out. After purification and evaporation of the water, the amine N-
oxide is reintroduced into the system and used again for cellulose dissolution.

Ideally, dissolution of cellulose in the amine N-oxide is supposed to be
an entirely physical process without any chemical changes of pulp or sol-
vent. However, in real-world processes there are several chemical processes
observed, which cause formation of appreciable amounts of byproducts.
A strong discoloration of the solution due to chromophore formation has
been observed, which is accompanied by degradation of both the solute cel-
lulose and the solvent NMMO at the elevated process temperatures, which in
turn can provoke very severe effects, such as degradation of cellulose, tem-
porary or permanent discoloration of the resulting fibers, decreased product
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performance, accelerated decomposition of NMMO and increased consump-
tion of stabilizers. The most drastic effect of side-reactions are degradation
processes that become uncontrollable, in the literature often denoted with
the euphemistic terms “fast exothermic process” or “thermal runaway re-
action” [5–7]. The question of the chemical stability of the system has al-
ways been a crucial issue for the development of Lyocell technology, and
is still a major concern today as it is related to safety at work and in-
tegrity of the whole production line. Research on degradation processes in
NMMO/cellulose mixtures in different industrial companies have therefore
largely focused on the empirical search for new and better stabilizers for
Lyocell dopes.

It was our aim to study the chemistry of NMMO and Lyocell solutions
in order to put the prevention of undesired side-effects on a more scientific
foundation [8, 9]. The improved understanding of the individual chemical
processes in Lyocell solutions today allows an accurate deduction of the dif-
ferent tasks of optimum Lyocell stabilizers. The question of which reactive
intermediates are involved in the degradation processes of both NMMO as the
solvent and cellulose as the solute was a key issue in the studies of Lyocell
chemistry.

2.2
NMMO-derived Radical Intermediates

2.2.1
Formation and Occurrence of NMMO-Derived Radicals

The positive effect of classical phenolic antioxidants on the stability of Lyocell
solutions suggested that radicals were involved in the degradation processes.
Analogous to tertiary amine oxides in general [10, 11], the primary radical
species derived from NMMO was assumed to be the N-centered cation rad-
ical 3, which is generated by cleavage of the N – O bond. For this breakage
to occur, activation of the exo-oxygen by protonation and concomitant one-
electron reduction is required, finally producing 3 and a hydroxyl anion. The
same species is obtained by one-electron oxidation of the corresponding ter-
tiary amine, in this case N-methylmorpholine (2). Aminium cation radicals
such as 3 are generally very labile and have a pronounced tendency towards
mesolytic cleavage of the Cα – Hβ bond. Mesolysis, in addition to the well-
known terms homolysis and heterolysis, denotes a bond cleavage in radical
ions that separates the charge from the single electron [12]. This extremely
fast process results in uncharged C-centered α-amino radicals [13, 14]. Hence,
also the primary cation radical 3 was expected to produce immediately neu-
tral carbon-centered radicals by release of a β-proton, either from the exo-
cyclic N-methyl group leading to 4, or from the ring N-methylene leading
to 5. In accordance with general amine and amine N-oxide chemistry, cation
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Scheme 1 Primary radical species derived from NMMO

radical 3, the exo-centered radical 4, and the ring-centered radical 5 are the
three main initial intermediates in homolytic reactions of NMMO (Scheme 1).

Cation radicals of tertiary amines without steric hindrance around the ni-
trogen, such as 3, are rather intricate to investigate by EPR spectroscopy.
The detection mostly requires UV or γ -irradiation in inert matrices at low
temperatures and provides only badly resolved spectra [15, 16]. EPR was
therefore considered inappropriate for the identification of radicals present in
NMMO reaction mixtures.

2.2.2
Trapping of NMMO-Derived Radicals

The application of conventional spin traps, such as substituted pyrroline-N-
oxides, nitrones, or sterically hindered phenols, has been reported to fail in
the presence of large amounts of tertiary amine oxides [10, 11]. For successful
trapping of the radicals, γ -tocopherol (6), a component of natural vitamin E,
was used as the specific trapping agent. Both the trapping agent and its prod-
ucts offer the advantage of supreme extractability into apolar solvents, such as
n-hexane or petrol ether, due to the strongly lipophilic isoprenoid side-chain.
Thus, even from very complex mixtures, they can readily be separated. From
the chemical point of view, the well-defined coupling reaction was a clear ben-
efit, as was the near absence of self-coupling reactions, in contrast to other
phenolic spin traps.

The interaction of γ -tocopherol (6) with radicals generates the rela-
tively stable γ -tocopheroxyl radical (7). While the O-centered form of the
γ -tocopheroxyl radical has a lower affinity towards other radicals and forms
relatively labile tocopheryl ether products, its C-centered resonance struc-
ture 7a, with the radical being located at C-5, readily recombines with other
radicals present in the mixture to give stable compounds. This way, trapping
products of all three radicals 3, 4, and 5 were isolated and fully analytically
characterized (Scheme 2) [17].
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Scheme 2 Trapping of the NMMO-derived radicals 3, 4 and 5 with the trapping agent
γ -tocopherol (6)

The production of the radicals was carried out by reduction of NMMO
with Fe(II) or by oxidation of N-methylmorpholine with Fe(III), at differ-
ent temperatures. Other reductants and oxidants gave nearly identical results.
The similar outcome of NMMO reduction and NMM oxidation was already
a clear indication that the structure of the radical intermediates was correctly
proposed – apart from the definite proof by the chemical structure of the
trapped radical intermediates.

Compound 8, the major trapping product, originated from coupling of
radical 4 with 7a. Trapped 5 was also observed, however in significantly
smaller amounts. This agreed very well with theoretical considerations based
on computations on the ab initio level, which predict a lower stability of 5
compared to 4. Also the trapping product of the primary cation radical 3,
the quaternary ammonium cation 10, was isolated. Only very small amounts
of 10 were obtained, and purification was possible by precipitation as the
corresponding tetrafluoroborate salt. The rather low yield of 10 was due to
three reasons: first, the stability of 3, and thus its equilibrium concentration,
is very low as it readily loses a β-proton to give the more stable 4 or 5. Second,
tertiary amine cation radicals recombine rather slowly with γ -tocopheroxyl
radicals: while the recombination of γ -tocopheroxyl radicals with carbon-
centered radicals is a diffusion-limited process, with the rate being largely in-
dependent of the nature of the radical, the rate constant for the recombination
with amine cation radicals is about three orders of magnitude smaller [18]. At
third, the trapping product is extremely thermolabile and sensitive towards
oxidation. Even short exposure to air at ambient conditions was sufficient to
cause complete oxidative conversion into red 5,6-tocopheryldione, so-called
α-tocored.

Care has been taken to rule out that the coupling products could have
formed according to heterolytic (nonradical) pathways involving Mannich in-
termediates. In short, a modified trapping agent, γ -tocopherol methyl ether,
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was used which would exclusively react by electrophilic substitution, but not
homolytically as from the blocked phenolic OH group neither the phenoxyl
radical nor the C-centered resonance form could form. The fact that no trap-
ping products were found in this case demonstrated that the formation of
8–10 was indeed caused by homolytic reactions.

The trapping reaction with γ -tocopherol (6) was also employed to prove
the occurrence of the NMMO-derived radicals directly under Lyocell condi-
tions, and not only in organic solutions of NMMO at ambient temperatures
or below. While the trapping product of the N-centered radical was too labile
under the prevailing conditions, trapping product 9 from radical 5 was indeed
detected. For trapping C-centered radical 4, the procedure was modified since
trapping product 8 was thermally unstable above 60 ◦C, eliminating morpho-
line to produce the ortho-quinone methide 11 which immediately dimerized
to spiro-dimer 12 (Scheme 3). Both 11 and 12 are typical products in the
chemistry of α-tocopherol which differs from the employed trapping reagent
γ -tocopherol by an additional methyl group in position 5. In the trapping
product 8 as well as in ortho-quinone methide intermediate 11 and spiro-
dimer 12 the additional carbon atoms originated from the exo-CH2 group
of the radical 4. This was demonstrated by applying selectively deuterated
NMMO (1-D3) as the starting material [19]. Coupling of the corresponding
radical 4-D2 produced the bisdeuterated coupling product 8-D2 which finally
gave the tetradeuterated dimer 12-D4. Since the deuterium can only arise
from the methyl group in the starting material NMMO, the occurrence of the
labeled product is a direct proof of 4 as the intermediate.

Ab initio computations predicted the exo-centered radical 4 to be more sta-
ble by 2.3 kJ/mol (energy of formation) than the ring-centered radical 5. With

Scheme 3 Modified trapping procedure for the detection of NMMO-derived radical 4
under Lyocell conditions
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Scheme 4 Illustration of hyperconjugative stabilization and approximate geometries, lead-
ing to higher stability of radical 4 compared to radical 5

the calculated activation energy difference ∆(∆E#), the equilibrium ratios of
4 and 5 are given by N5/N4 = exp – (∆(∆E#)/RT), assuming an irreversible
formation reaction for 4 and 5. The theoretical values calculated from this
equation were in superb agreement with the experimental ones determined
by measuring the ratios between these two radicals in the form of their trap-
ping products at different temperatures.

Optimum hyperconjugative stabilization in 4 and the lack of steric strain
account for its higher stability compared to 5. Generally, aminyl radicals ex-
perience hyperconjugative stabilization of the SOMO by neighboring orbitals.
The p-orbital SOMO in 4 can fully overlap with the two pseudo-p orbitals of
the remaining two methylene protons and with the nitrogen n–p orbital, so
that the hyperconjugative stabilization reaches its optimum. In contrast, in 5
there is only one pseudo-p orbital at the ring proton, and the nitrogen n–p
orbital overlaps less effectively (34.6◦) with the SOMO, so that the stabiliza-
tion effect is much smaller. Furthermore, the spin-bearing carbon – as an sp2

hybrid with a singly occupied p orbital – has nearly planar geometry. This
means no steric strain at the exo-carbon of 4, but severe twisting of the chair
conformation for the ring-centered radical 5, rendering the latter energeti-
cally unfavorable (Scheme 4). These effects account for the smaller stability of
5, which is reflected experimentally by the fact that the trapping product of 4
dominated over that of 5 in all cases.

2.2.3
Radical Recombination of NMMO-Derived Radicals

The reaction of two radicals can be seen as a type of self-trapping, with one
molecule of the radical species consuming another one in a recombination
process. For this process to be observed, the radical concentration must be
sufficiently high that the probability of two radicals encountering one another
is increased and the recombination products are accumulated to detectable
amounts. In the case of the C-centered NMMO-derived radicals 4 and 5,
two of the three possible recombination products were identified (Scheme 5).
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Scheme 5 Radical recombinations with C – C bond formation, involving the NMMO-
derived C-centered radicals 4 and 5

The proof of their structure was again provided by separation and ana-
lytical characterization of the pure compound. The symmetrical coupling
product 1,2-bis(4-morpholino)ethane (13) was formed by recombination of
two molecules of 4. By analogy, 4 and 5 yielded 3-(4′-morpholinomethyl)-
4-methylmorpholine (14). Compound 15, as the self-trapping product of the
ring-centered radical 5, was not found [17]. Although likely to have formed, it
was present only in concentrations too small for detection: first, the absolute
concentration of 5 and thus the probability of two molecules of 5 to meet were
rather low and, second, the steric conditions for the recombination of two sec-
ondary radicals were much more demanding than for the reaction between 4
and 4, or 4 and 5, respectively.

In the literature, the simultaneous formation of the major NMMO degra-
dation products N-methylmorpholine, morpholine and formaldehyde [20] is
always attributed to the disproportionation of the primary aminyl radical
3, as a – not further defined – redox process between two molecules of 3,
in which one is reduced to N-methylmorpholine (2) and the other oxidized
to N-(methylene)morpholinium cation (17), which upon addition of water,
forms morpholine and formaldehyde. Also this disproportionation can be
rationalized as a radical coupling reaction which proceeds through recombi-
nation of N-centered 3 and C-centered 4, via the ammonium aminal interme-
diate 16 as the actual recombination product (Scheme 6). The intermediacy of
this species was indeed confirmed by isolation from the reaction mixture and
full characterization [17]. Compound 16 is quite labile and immediately de-
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Scheme 6 Disproportionation of the NMMO-derived radicals

composed in quantitative yields into N-methylmorpholine, morpholine and
formaldehyde when entering aqueous media – exactly the macroscopically
observed outcome of the disproportionation.

2.2.4
Reactions of the NMMO-Derived Radicals with Cellulose

The NMMO-derived radicals are strongly electron-deficient and thus strongly
oxidizing species. By analogy to hydroperoxyl radicals, they will react with
electron-rich positions in cellulose or model compounds. The preferred po-
sitions for attack will be the CH-acidic groups in the α-position to car-
bonyl functions. Trialkylaminyl radicals react with α-hydroxyacids to give
α-ketoacids, and with aldoses to furnish 2-ketoaldoses [21]. The main result
of the action of NMMO-derived radical 3–5 on pulp will be the random in-
troduction of keto groups into the 2-position of the anhydroglucose repeating

Scheme 7 Cellulose-chain scission as a consequence of homolytic reactions involving
NMMO-derived radicals
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units of cellulose, finally leading to chain cleavage by β-elimination and thus,
a decreased DP (Scheme 7).

Typical values given in the literature for Lyocell dopes without stabilizers
added are DP losses from 472 to 177 over 6 hours at 105 ◦C [22], or from
570 to 185 over 2 hours at 90 ◦C [23]. The activation energy for the cellu-
lose chain cleavage in NMMO at temperatures above 115 ◦C was determined
to be 69 kJ/mol. This observation strongly supported the hypothesis that the
actual rate-determining step of the cellulose chain cleavage was a β-alkoxy
elimination, with an activation energy of 67–72 kJ/mol [24, 25].

2.3
NMMO-Derived Ionic Intermediates

2.3.1
Formation and Trapping of Carbenium-iminium Ions

In the early phases of Lyocell research, degradation reactions of NMMO and
cellulose solutions in NMMO were mainly thought to be homolytic (radical)
processes, mostly sustained by the beneficial action of antioxidant additives,
such as propyl gallate, which were assumed to act merely as a radical scav-
enger. However, the radical pathways could hardly account for uncontrollable
degradation reactions, which on one hand would occur rather unpredictably
also in the presence of stabilizers and on the other hand were not inducible
by typical radical initiators. With the finding of nonradical, autocatalytic
decomposition processes and Polonowski-type degradation reactions [26, 27],
studies in Lyocell chemistry turned to those heterolytic (ionic) degradation
processes, which were established as the cause of the observed exothermic
processes – showing the system of side-reactions in the Lyocell system to be
much more complex than commonly thought.

To prove the presence of formaldehyde and NMMO-derived carbenium-
iminium ions under Lyocell mixtures was a key issue here, as the occurrence
of the latter is critical with regard to autocatalytic degradation and insta-
bilities of Lyocell solutions. Again, trapping methodology was used for this
purpose, it served also to investigate the general chemistry of the NMMO-
derived carbenium-iminium ions.

Formaldehyde is the aldehyde with the highest carbonyl reactivity: it
reacts rather fast with any suitable coreactant present, for instance with
cellulose, causing the formation of O-hydroxymethyl groups and methyl-
ene crosslinks. The critical process with regard to NMMO degradation is re-
action with the NMMO-degradation product morpholine to form N-(methyl-
ene)morpholinium cations (17) via N-hydroxymethylmorpholine in neutral
and acidic media, cf. Scheme 8. N-(Methylene)morpholinium cations (17)
belong to the compound class of carbenium-iminium ions or so-called Man-
nich intermediates, they induce the autocatalytic decomposition of NMMO
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Scheme 8 The role of formaldehyde in the formation of carbenium-iminium ion 17 and
resonance stabilization of the latter

and other tertiary amine N-oxides [26]. The detection of formaldehyde as
one precursor of 17 was a prerequisite in confirming the decisive role of
carbenium-iminium ions in Lyocell chemistry.

The determination of HCHO in the NMMO/water/cellulose reaction sys-
tem was unusually difficult as all commonly employed reactions to determine
aldehydes were unsuitable since either the trapping reagents were unstable
under the prevailing reaction conditions, or they reacted with the carbo-
hydrates present in the system. It should be recalled that working under
Lyocell conditions meant performing the reactions in a viscous melt of a rela-
tively strong oxidant in the presence of about 10% dissolved cellulose at
temperatures of about 100 ◦C. Dilution of the system with water followed
by determination of formaldehyde in the resulting aqueous mixture was not
feasible, since determination of HCHO would not necessarily prove its pres-
ence in the Lyocell dope, but only in the aqueous extracts: there remained the
possibility that the HCHO originated from hydrolytic reactions. A good trap-
ping agent for HCHO had to react specifically with HCHO immediately upon
its formation, to be sufficient stable under the drastic reaction conditions, and
to form stable and separable products.

The trapping of formaldehyde in Lyocell dopes under processing condi-
tions was performed using the trapping agent 5,5-dimethylcyclohexa-1,3-
dione (dimedone, 18) in a two-phase system with o-dichlorobenzene as
the organic phase and the cellulose/water/NMMO mixture as the “aqueous”
phase [28]. Dimedone reacts with aldehydes in a well-defined reaction [29, 30].
It is insoluble in o-dichlorobenzene, whereas its reaction product with HCHO
is soluble in this solvent and is thus continuously extracted and prevented
from side reactions with NMMO. o-Dichlorobenzene has a sufficiently high
boiling point (180 ◦C) to have a negligible vapor pressure at the Lyocell work-
ing temperature, and it is completely inert under the reaction conditions so
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that it does not interfere with the processes in the cellulose/water/NMMO
layer in any way. Addition of dimedone into the Lyocell dope (0.5% relative
to NMMO∗H2O) resulted in the formation of the dimedone–formaldehyde
adduct 19, which upon formation was immediately extracted into the organic
phase (Scheme 9). The solution characteristics were so favorable that only
trace amounts of other compounds besides the desired product 19 were ex-
tracted. This was also reflected by the fact that the organic phase remained
nearly colorless while the NMMO phase quickly turned dark in the reaction.

After having established the presence of HCHO in Lyocell dopes, trap-
ping methodology was used once more to demonstrate the presence of
N-(methylene)morpholinium cations (17). A Mannich-type conversion [31,
32] was certainly the most specific reaction of carbenium-iminium ions to be
used for this task: the carbenium-iminium ions needed in this reaction would
not be formed by separate reaction between secondary amine and aldehyde,
but would already be present in the system as intermediates to be trapped.
The actual trapping agent thus needed to be a suitable methylene-active car-
bonyl compound. However, the above described restrictions to the selection
of a trapping reagent apply analogously, and first of all the trapping reagent
must be stable under Lyocell conditions. This requirement eliminated the
application of aliphatic aldehydes as trapping reagents. In addition, the prod-
ucts of the reaction, usually named Mannich bases, had to be stable and easily
isolable. This turned out to be a major impediment as many Mannich bases
readily eliminate the secondary amine group to form an α,β-unsaturated car-
bonyl compound.

After testing several arylmethylketones, 2-acetonaphthone (20) was found
to be a very suitable reagent, which was used to demonstrate the in situ
formation of N-(methylene)morpholinium cations in NMMO solutions of cel-
lulose by formation of the Mannich base 3-(4-morpholino)propionaphthone
(21), see Scheme 10 [28]. This trapping product did not eliminate morpho-
line at temperatures below 120 ◦C and was easily extractable into chloroform
due to the relatively lipophilic naphthene structure. Although the yield of the
trapping reaction was rather low depending on the respective conditions – be-
tween 0.1 and 5% relative to applied trapping agent – the ease of isolation of
the compound made the trapping procedure quite reliable and reproducible
so that different Lyocell dopes or different reaction conditions could be com-

Scheme 9 Trapping of formaldehyde with dimedone (18) under Lyocell conditions in the
two-phase system Lyocell dope/o-dichlorobenzene
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Scheme 10 Trapping of N-(methylene)morpholinium cations (17) in Lyocell dopes by 2-
acetonaphthone (20)

pared with regard to the content of 6 by determining the amounts of trapping
product formed.

2.3.2
Interconversion of NMMO-Derived Carbenium-iminium Ions

Trapping with 2-acetonaphthone was also used to clarify a peculiar intercon-
version reaction between carbenium-iminium ions derived from NMMO [33].
According to theory, two such species were to be expected, the exo-centered
carbenium–iminium ion 17 and the ring-centered carbenium–iminium ion
22 (Scheme 11). Even though 22 might appear more stable as its ring-centered
positive charge seems better accommodated at a secondary position than the
“exposed” charge in 17, it was the latter which occurred predominantly in
all different types of side-reactions starting from NMMO. In fact, the inter-
mediate 17 was produced exclusively in NMMO reaction mixtures containing
water – thus also under Lyocell conditions, whereas in nonaqueous solutions

Scheme 11 Carbenium-iminium ion conversion of 22 into 17: schematic representation
of the computed reactant and transition state geometries as well as reaction energies.
The trigonal planar environments of the carbenoid carbons are shaded in gray. The water
molecule participating in the transition state is circled by a dotted line
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of NMMO smaller amounts of 22 were also found. Thus, both the presence of
water and higher temperatures generally seemed to promote the consumption
of 22 in favor of 17.

Besides the trapping methodology, a combined approach consisting of iso-
topic labeling, kinetic studies, and computations on the density-functional
theory (DFT) level was used to clarify the mechanism (Scheme 11) [33].
The NMMO-derived ring-centered carbenium-iminium ion 22 is energeti-
cally disfavored by ring strain imposed by the trigonal planar geometry of the
carbenium carbon. In the presence of water it is rearranged into its counter-
part, N-(methylene)morpholinium cation (17), which has no ring strain as
the carbenium center is exocyclic. The reaction is an endothermic, bimolec-
ular process proceeding via a highly organized transition state that involves
one molecule of water. The reaction was the first example of a carbenium-
iminium ion interconversion reported, which in addition was in complete
agreement with the empirical data from Lyocell process chemistry as it ex-
plained the nearly complete absence of 22 and the observed predominance of
17.

2.3.3
Reactions of NMMO-Derived Carbenium-iminium Ions with Cellulose

From the observation that N-(methylene)morpholinium cations (17) induced
the autocatalytic decomposition of tertiary amine N-oxides in combination
with the proof that these intermediates were actually present in Lyocell dopes,
the question arose why Lyocell solutions were stable at all. The answer is
found in the fact that carbenium-iminium ions generated are immediately
consumed by reaction with water and carbohydrate structures as the most
abundant and most reactive nucleophiles present. Only when the local con-
centration of 17 increases to such a high level that the consumption by
reaction with water or cellulose cannot compensate for its production, does
the reaction with NMMO become uncontrollable and lead to an exother-
mic event. The pulp used in the Lyocell process acts as a quasi-stabilizer
for the solvent NMMO, albeit with the drawback of increased chromophore
generation.

The strongly electrophilic N-(methylene)morpholinium cation attacks
CH-acidic positions in cellulose, mainly neighboring a keto, acetal or
eneamine structure, which basically constitutes a classical Mannich reaction.
With α-hydroxy-carbonyl compounds, among them aldoses, ketoses and the
anhydroglucose units in cellulose, Mannich intermediates react according
to a multi-step sequence that formally exchanges the hydroxyl group with
a formyl group to produce 1,3-dicarbonyl compounds, see Scheme 12 [34–
36]. These highly reactive species will immediately undergo subsequent
reactions, especially under the drastic conditions of Lyocell processing,
which eventually cause formation of deeply colored compounds (23–26),
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Scheme 12 Reactions of N-(methylene)morpholinium cations (17) with cellulose and ox-
idized structures in cellulose and formation of Lyocell-specific chromophores (23–26)

see Scheme 12. These chromophores are either released into the NMMO as
the solvent or remain attached to the cellulose. Indeed, such chromophores
as condensation products of NMMO degradation compounds and cellulose
degradation compounds were isolated from Lyocell fiber material accord-
ing to a novel chromophore analysis procedure [37, 38]. Compounds 23–26
proved generally the participation of NMMO or NMMO-derived interme-
diates in the formation of colored degradation products, since the latter
contained nitrogen, of which NMMO was the only possible source. Naphtho-
quinone 26 even included an intact morpholine ring that indicated the likely
participation of the carbenium-iminium ion 17 in the formation.

2.4
Trapping of Unsaturated Intermediates
Upon Thermal Degradation of NMMO

The mechanism of the thermal decomposition of NMMO and Lyocell so-
lutions is extremely complex since the reaction, initiated by the action of
carbenium-iminium ions, quickly enters an uncontrollable course. A central
question was whether the heterocyclic ring of NMMO was cleaved during
the reaction and whether products of this cleavage, having either vinyl ether
or enamine structures, could be detected. Employing the trapping agents
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phencyclone (27) and tetracyclone (28) several vinyl ether and enamine-
type compounds were trapped in situ in the reaction mixture during ther-
mal degradation of Lyocell dopes (Scheme 13) [39]. These trapping reagents
represent electron-deficient dienes, which would react with electron-rich
dienophiles, such as the degradation products, in a Diels–Alder type [4 + 2]-
cycloaddition. The reagents are relatively inert and suitable also for use under
rather drastic conditions. The reaction products again offer good extractabil-
ity into aromatic solvents, from which the products can be separated and
identified. At the high temperatures present, the primary addition products
undergo elimination and decarbonylative aromatization to a substituted tri-
phenylene 29, so that in the trapping mixture both the primary adducts and
the aromatization products were found. The trapped olefinic intermediates
originated from cleavage of the O – C and N – C bonds, respectively, of the
morpholine ring and thus proved its destruction during exothermic events
in Lyocell dopes.

Vinyl ether structures from the ring fragmentation of NMMO have also
been identified in the gaseous phase from uncontrolled degradation reactions
under Lyocell conditions, again by trapping methodology [8]. For this pur-
pose, the hot reaction gases were introduced into an ethanolic solution of
5a-bromo-α-tocopherol (30). The local heating by the gas caused local for-
mation of the ortho-quinone methide 11 as the actual trapping reagent. In
the absence of vinyl-type structures, dimerization to the spiro-dimer 12 oc-
curred. If vinyl ethers were present, corresponding trapping products were

Scheme 13 In situ trapping of vinyl ether and enamine structures in the mixture of un-
controlled thermal decomposition of NMMO
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Scheme 14 Uncontrolled thermal decomposition of NMMO: in situ trapping of vinyl ether
structures in the gas phase of the reaction

obtained (Scheme 14), which were readily extracted into n-hexane due to
the lipophilic side chain. No reaction occurred with enamine double bonds.
This way, the low-molecular-weight vinyl ethers in the gas phase of uncon-
trolled degradation reactions of NMMO were demonstrated to be similar to
those found directly in the degradation mixture by trapping with the cyclone
reagents. The application of 5a-bromo-α-tocopherol (30) directly in the re-
action mixture instead of the phencyclone (27) or tetracyclone (28) traps –
and not just for the gaseous phase – was not feasible as the reagent is de-
graded to the ortho-quinone methide intermediate 11 at temperatures above
50 ◦C, much lower than the temperatures of the degradation. Before eventu-
ally reaching the degradation temperatures, the trapping reagent would have
been completely consumed and converted into the spiro-dimer 12, which pos-
sessed no further trapping ability.

Origin and formation pathways of the different vinyl ether and enamine
structures in mixtures from the uncontrolled NMMO degradation were diffi-
cult to assess, since the high temperatures during such processes also allowed
disfavored decomposition processes to proceed, which are thermodynamic-
ally forbidden or disfavored under the usual Lyocell process conditions.

2.5
Summary

In summary, trapping methodology helped to confirm the presence of the
three main NMMO-derived radical species, the nitrogen-centered radical
cation 3 and the carbon-centered radicals 4 and 5 in Lyocell dopes. Trapping



Reactive Intermediates in Cellulose Chemistry 175

was not only performed by externally added trapping agent, but products
from radical recombination reactions as a kind of internal trapping were
also observed. The occurrence of NMMO-derived carbenium-iminium ion 17
and formaldehyde as its precursor compound were shown by trapping under
Lyocell conditions. Trapping methodology was also used to study carbenium-
iminium ion interconversions. Also intermediate vinyl ether and enamine-
type degradation products in thermal decomposition mixtures of NMMO and
the exhausted gases were detected by trapping.

3
Cellulose Solutions in DMAc/LiCl

3.1
Degradation of Solvent and Cellulose

N,N-Dimethylacetamide (DMAc, 31) containing lithium chloride is a solvent
system that is capable of dissolving cellulose within certain concentration
ranges of LiCl and pulp. It has thus been very frequently used in polysaccha-
ride chemistry [40, 41, 43]. First of all, it has become a standard solvent for
gel permeation chromatography (GPC) measurements of cellulosics [44–49].
For dissolving pulps and low-molecular-weight pulps, dissolution occurs
neatly. As paper pulps and some higher-molecular-weight dissolving pulps
are largely insoluble in DMAc/LiCl, several activation procedures have been
proposed, which aim to accelerate the dissolution in the case of soluble
pulps, and to make dissolution possible at all in the case of initially insoluble
pulps. All activation treatments are thought to cause intra- and intercrystal-
lite swelling, breaking of hydrogen bonds and increased accessibility. Among
those activation procedures are the treatment with liquid ammonia [50, 51],
swelling in water followed by solvent exchange to ethanol and DMAc [52, 53],
freeze-drying [54], or swelling in 0.1 M LiCl followed by a number of extrac-
tion steps [55].

A very common protocol is also heating or refluxing the cellulose sam-
ples in DMAc, or in DMAc containing low concentrations of LiCl [56, 57].
A yellowing of the heated mixture has been noticed, sometimes accompa-
nied by a yellowish discoloration of the activated pulp sample. The chemistry
of heated cellulose solutions in DMAc and DMAc/LiCl was investigated, and
once more intensive use of trapping methodology was made. After having
shown in previous work that the discoloration was caused by chromophores
formed in LiCl-catalyzed condensation reactions from DMAc, such as dehy-
droacetic acid (32), isodehydroacetic acid (33), and 2,6-dimethyl-γ -pyrone
(34) [58], see Scheme 15, the question of whether – and if so how – cellulose
was degraded by the activation treatment became the key issue. If cellu-
lose degradation indeed occurred, the common heating treatment would be
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Scheme 15 Chromophoric condensation products of DMAc (31) formed by prolonged
heating of DMAc or DMAc/LiCl

unsuitable for all processes which rely on an unchanged molecular weight
distribution, such as GPC of pulps.

GPC measurements with initially soluble pulps demonstrated unambigu-
ously that cellulosic material suffered a loss in average degree of polymer-
ization (DP) upon heating in DMAc/LiCl. Already at temperatures as low as
80 ◦C there was a slow, linear, but noticeable decrease in molecular weight.
At temperatures between 120 ◦C and the boiling point of DMAc (164 ◦C) the
kinetics changed to an exponential decay, and the molecular weight degra-
dation became rather severe and fast. The two degradation modes were ob-
served for all pulps, although the degradation rate differed slightly for pulps
of different providence.

The well-known fact that heating of initially insoluble pulps in DMAc/LiCl
improves solubility or increases the dissolution rate of the material had thus
to be attributed to pronounced cellulose degradation. The observed improved
solubility was evidently accompanied by a progressive DP loss of the pulp.
The solubility gain was thus not an activation of the pulp, but mainly a degra-
dation process to material of lower molecular weight which naturally exhib-
ited a higher solubility in the cellulose solvent.

From the GPC results it was clear that heating in DMAc/LiCl significantly
influenced the molecular-weight distribution of the pulps. Consequently, GPC
results from pulps which had undergone such an “activation” treatment did
not reflect the data of the genuine cellulosic starting material. However, the
actual degradation mechanism and the species causing this effect remained to
be clarified. The two degradation processes that contribute to the DP loss have
been identified: an endwise peeling reaction causing a rather slow decrease in
the molecular weight at lower temperatures, and a random cleavage of glyco-
sidic bonds, which is responsible for a much faster DP loss, at temperatures
above 120 ◦C.

3.2
Slow “Thermal Endwise Peeling” of Cellulose in DMAc/LiCl

Thermal treatment of DMAc/LiCl caused the formation of N,N-dimethyl-
acetoacetamide (35), independent of the presence of pulp [58]. This species is
a highly reactive 1,3-dicarbonyl compound that readily undergoes subsequent
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conversions, such as aldol condensations. The first step in these processes is
the addition of the highly activated, CH-acidic methylene group of 35 to a car-
bonyl function. To prove the presence of this reactive intermediate in heated
DMAc/LiCl, glucose was used as a trapping reagent, which was neatly con-
verted into UV-active furan derivative 36 (Scheme 16), which was isolated and
comprehensively characterized. C1 and C2 of the aldose and C2 and C3 of the
acetoacetamide were incorporated into the furan heterocycle.

Surprisingly, furan 36 was not just formed upon trapping with glu-
cose, but also when cellulosic pulps were heated in DMAc or DMAc/LiCl,
and the formation was continuous over time following zero-order kinetics.
The formation of 36 from pulp was strongly accelerated when excess N,N-
dimethylacetoacetamide (35) was added to the mixture. From these results
it became evident that not only the reducing ends were derivatized forming
furan structures, but the derivatized terminal anhydroglucose units were con-
tinuously cleaved and released in the form of condensation product 36. Thus,
a cellulose chain with n anhydroglucose units formed the corresponding fu-
ran derivative, which was subsequently peeled off as 36 leaving behind the
(n – 1)-cellulose chain with a “new” reducing end, which again reacted with
acetoacetamide 35 and was once more cleaved. N,N-Dimethylacetoacetamide
(35), the main thermal condensation product of DMAc, thus eventually
caused a thermal endwise peeling of the pulp with concomitant release of
furan 36.

This peeling mechanism was confirmed by reaction of 35 with cello-
tetraose. The cellotetraose acted here as a type of repetitive trapping agent as
it produced aldose molecules capable of trapping 35 as the respective furan
structures. While the formation of endwise furan structures started at tem-
peratures as low as 80 ◦C, the subsequent peeling steps required higher tem-
peratures of about 95 ◦C to proceed at a noticeable rate. Cellotetraose formed
first the corresponding furan derivative, which was then cleaved to give cel-
lotriose and furan 36, as followed by TLC and HPCE [59]. The cellotriose
reacted immediately with 35 to give the corresponding end-derivatized furan,
from which again 36 was peeled off under formation of cellobiose. Cellobiose,
eventually, was converted into the corresponding endwise furan, and then
finally cleaved into two molecules of 36. Thus, the starting oligosaccharide

Scheme 16 Reaction of the main thermal condensation product of DMAc, N,N-di-
methylacetoacetamide (35), with glucose to furan 36
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reacted four times as a quasi-trap for N,N-dimethylacetoacetamide (35), and
was neatly converted into four molecules of furan 36 without significant for-
mation of byproducts. As pulp and also cellotetraose formed exclusively 36,
but no other furan structures or condensation products, it was clear that the
degradation had progressed from the reducing end. Cleavage of glycosidic
bonds other than the respective proximal ones did not occur.

The mechanism of thermal endwise peeling of cellotetraose can be sum-
marized as in Eq. 5, with the Eqs. 1–4 describing the consecutive, stepwise
character of furan formation:

(Glc)4 + 35 → (Glc)3 + 36 (1)

(Glc)3 + 35 → (Glc)2 + 36 (2)

(Glc)2 + 35 → Glc + 36 (3)

Glc + 35 → 36 (4)

(Glc)4 + 35 (Eq. 4) → 36 (Eq. 4) . (5)

A plausible mechanism for the observed thermal endwise peeling reac-
tion was proposed based on computational chemistry. In its minimum con-
formation, C-2 of the furan ring at the terminal anhydroglucose unit of
a derivatized cellulose molecule 37 is placed in close proximity to the C-2
hydroxyl group of the (n – 1) non-reducing anhydroglucose unit. This pre-
organizational effect facilitates the addition of the hydroxyl group to the furan
ring. The addition is an endothermic process and a reversible reaction; ad-
dition/elimination reactions of alcohols or hydroxyl ions to/from furans are
well known in organic chemistry [60, 61]. The resulting seven-membered-
ring structure 38, a perhydro-1,4-dioxepane derivative, will most likely frag-
ment back into the starting material. However, ring opening by cleavage of
the glycosidic bond between C-1′ and O-1′ is a competitive pathway with
relatively low activation energy and high overall exothermicity. The interme-
diate, a resonance-stabilized oxonium cation, reacts immediately with water
to a new reducing end, or directly with 35 to form 39 in which two molecules
of acetoacetamide are bound to the cellulose at the same time. Elimination
of O-2 releases furan 36 into the surrounding medium. After ring closure to
tetrahydrofuran derivative 40 the whole reaction cycle starts again with the
cellulose chain shortened by one glucose unit (Scheme 17).

Following from the computations, the formation of furan derivatives from
the reducing end of cellulose thus represents a neighbor-group assisted re-
action. According to the proposed mechanism, only cleavage of the glyco-
sidic bond that is adjacent to the proximal furan structure occurs, in agree-
ment with experimental data. All other glycosidic bonds are stable under
the prevailing conditions as no neighboring, activating furan structures are
available. The crucial effect of the neighboring C-2 hydroxyl group was ex-
perimentally confirmed. Selectively 2-O-methylated cellulose (41), obtained
chemically by cationic ring-opening polymerization [62–64], was shown to
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Scheme 17 Mechanism of the slow thermal endwise peeling of cellulose in heated
DMAc/LiCl under release of furan 36

be completely inert towards N,N-dimethylacetoacetamide (35), even upon
prolonged reflux in DMAc. As this material contained no free 2-OH group,
addition to the terminal furan structure was prevented, and further thermal
endwise peeling could not proceed. In contrast, selectively 3-O-methylated
cellulose (42) and 6-O-methylated cellulose (43) – similarly synthesized by
ring-opening polymerization – underwent the furan peeling reaction by com-
plete analogy to cellulose (Scheme 18). These cellulose derivatives produced
the respective monomethoxy derivatives 44 and 45, respectively, as the peel-
ing products, instead of furan 36.

A final conformation of the computationally predicted mechanism was
provided by the use of isotopically labeled material. N,N-Dimethylaceto-
acetamide-2-13C was used to produce a snapshot of the reaction intermedi-
ates present during reaction with cellotetraose as a model compound, taken
by 13C NMR. A series of consecutive spectra produced a kinetic record how
the positions with isotopic enrichment were distributed among different in-
termediates. From the prominent resonance in the starting material, the
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Scheme 18 Thermal behavior of selectively substituted methyl celluloses (41–43) in reflux-
ing DMAc/LiCl

spectrum soon displayed four different resonances in agreement with the in-
termediates 38–40 in Scheme 17, and changed back to a single resonance of
final furan product 36.

3.3
Fast Degradation of Cellulose in DMAc/LiCl
Due to Random Cleavage of Glycosidic Bonds by Keteniminium Ions

The thermal endwise peeling mechanism could not explain the drastically in-
creased degradation of cellulosic material in heated DMAc at temperatures
above 120 ◦C. If the decrease in molecular weight was only due to endwise
peeling, large amounts of peeled-off furan structures 36 should be present,
but only minute amounts were found. Thermal endwise peeling by furan
structures and cleavage of glycosidic bonds along the cellulose chain were
thus two separate parallel processes, which both caused a decrease in molecu-
lar weight of the pulp heated in DMAc, the first one proceeding only slowly,
the latter one rather fast.
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As N,N-dimethylacetoacetamide (35) alone induced only the slow end-
wise peeling pathway, and the other thermally formed byproducts of DMAc
(32–34) did not effect a chain cleavage at all, an even more reactive species,
which was responsible for the chain cleavage, was likely to be present. This
intermediate was identified as N,N-dimethylketeniminium cations (46) by
trapping reactions (Scheme 19) [65, 66].

Keteniminium salts are extremely reactive compounds; they are more elec-
trophilic than ketenes and do not dimerize as most ketenes do [67, 68]. To
prove the intermediacy of this species we used a typical reaction of keten-
iminium ions (and ketenes), the reaction with non-activated olefins to cy-
clobutanes in a thermal, i.e. suprafacial–antarafacial, [2 + 2]-cycloaddition. In
order to be able to separate the trapping products from the DMAc medium
with its high solvation power, strongly lipophilic trapping reagents were
chosen that allowed extraction into apolar solvents. 1-Decene (47) and 3,4-
dehydro-α-tocopheryl acetate (48) were chosen as the olefinic traps, the latter
having the additional advantage of a high boiling point so that it can be
used also in refluxing DMAc without yield penalty. The intermediacy of 46

Scheme 19 Formation of N,N-dimethylketeniminium ions (46) from DMAc (31) and their
trapping in [2 + 2]-cycloadditions and by consumption with methanol
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in DMAc/LiCl of varying composition at temperatures above 120 ◦C was then
unambiguously proven by isolation of the trapping products 3-octylcyclo-
butanone (49) from 47, and cyclobutanone 50 from the tocopherol trap 48,
respectively. The regioselectivity of the addition reaction, e.g., the selective
formation of the 3-octylcyclobutanone as compared to the 2-octyl deriva-
tive starting from 47, is exclusively determined by steric factors as usual in
thermal [2 + 2]-cycloadditions. The trapping of keteniminium 46 succeeded
in DMAc/LiCl solutions independent of the presence of dissolved cellulose.
In its presence, however, the amount of trapping product obtained was sig-
nificantly lower, which indicated that also the pulp consumed the reactive
intermediate, thereby being degraded.

The equilibrium concentration of 46 is determined by the endothermicity
of the formation process and the sum of strong ionic interactions in the so-
lution, and is usually very low. However, if keteniminiums are removed from
the reaction system, for instance by reaction with pulp or by trapping, they
are continuously regenerated according to the equilibrium constant. Addition
of methanol to the respective DMAc/LiCl mixture was the most simple way
of consuming N,N-dimethylketeniminium ions, which were converted into
1-dimethylamino-1,1-dimethoxy-ethane (51) (Scheme 19). Alternatively, the
reaction with methanol can be seen as a trapping of the reactive intermediate
46 with methanol as the trapping agent. The formation reaction proceeded in
a neat way, and the working procedure was quite convenient: product 51 was
simply distilled off together with excess methanol. Keteniminium 46 was con-
tinuously regenerated in the reaction mixture and converted to the trapping
product 51 by methanol. The capacity of DMAc/LiCl to generate 46 was quite
large, ranging in the 1–5 percent range upon refluxing for 3 hours, depend-
ing on the amount of LiCl present. From the mechanistic point of view, the
trapping started with methanol nucleophilically attacking the keteniminium
carbon. This was followed by two competitive reaction sequences that both
lead to the same trapping product 51: first, proton loss produced an enol ether
intermediate (an O-methylated ketene-semiaminal) which added a second
equivalent of methanol to produce 51, or second, a [1,3]-sigmatropic proton
shift gave an iminium salt that reacted with methanol to provide the same
product after proton release (Scheme 18). Both pathways differed in whether
the second molecule of methanol is added to a C= C double bond or to the
C= N double bond.

The N,N-dimethylketeniminium cation (46) is not formed directly from
DMAc, but via its enol form (52), see Scheme 19. The formation of the enol
form (imine form) is strongly facilitated by the presence of lithium ions,
which coordinate to the amide oxygen. Also the intermediacy of enol precur-
sor 52 was proven by means of trapping reactions: in the presence of allyl
alcohol as the trap, the enol 52 formed an allyl enol ether, which at the prevail-
ing elevated temperatures immediately underwent a Claisen-type rearrange-
ment to produce 4-pentenoic acid N,N-dimethylamide (53) (Scheme 20). This
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Scheme 20 Trapping of the enol form of DMAc (52) as the precursor of N,N-dimethyl-
keteniminium cations (46)

amide, which was again detected both in the presence and absence of pulp,
was isolated from the reaction mixture by extraction with ethyl acetate after
addition of water. The rearrangement was quite convenient as a trapping re-
action as it proceeded neatly without byproduct formation.

3.4
Reactions of the DMAc-Derived Keteniminium Ions with Cellulose

The absolute amount of keteniminium ions present in heated DMAc/LiCl so-
lutions is rather low. However, due to the extreme high reactivity of this
intermediate and due to its continuous regeneration upon consumption,
these small amounts were evidently sufficient to cause the observed pro-
nounced cellulose degradation. Keteniminium salts are known as reagents
to effect mild cleavage of ethers, even nonreactive diaryl ethers, acetals, and
ketals [67, 69, 70]. In the first step, the keteniminium ion attacks the ether oxy-
gen electrophilically, followed by ether bond cleavage. In solutions containing
electrolytes, such as ammonium salts or soluble alkali salts, hydroxyl groups
and amino groups do not significantly interfere with the reaction, as these
structures in ionic solutions are surrounded by a solvent shell (ion cloud) and
blocked by strong hydrogen bonds, thus being shielded from attack.

An analogous mechanism was assumed for the cleavage of glycosidic
bonds in cellulosic pulp. The strongly electrophilic N,N-dimethylketen-
iminium ion (46) attacked the glycosidic oxygen, followed by cleavage of the
glycosidic bond under formation of a ketene-semiaminal derivative, which
underwent secondary hydrolytic reactions, shown in Scheme 21 for a cello-
tetraose section of a cellulose molecule.

In heated DMAc/LiCl, the keteniminium ions are generated in situ from
the solvent. When the degrading agent was added externally in the form of
a keteniminium precursor, cellulose degradation was even more pronounced.
The thermolabile keteniminium precursor compound 4-(1-chloro-2-methyl-
propenyl)morpholine (54) immediately releases keteniminium ions 55 upon
thermal treatment (Scheme 22) [71]. Addition of the precursor in very small
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Scheme 21 Cleavage of glycosidic bonds in cellulose by N,N-dimethylketeniminium ions
(46)

Scheme 22 Cellulose degradation by keteniminium ions being either generated in the
reaction mixture or added externally

amounts to a solution of pulp in heated DMAc/LiCl at 125 ◦C caused degrad-
ation of the cellulose down to oligomers (DP < 30) within less than 1 h. This
was an additional illustrative proof of the detrimental action of keteniminium
species on cellulose.
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3.5
Summary

Two thermal degradations mechanisms of cellulose dissolved in DMAc/LiCl
have been clarified. The lower-temperature process consists of an endwise
peeling under release of furan structures induced by the thermal con-
densation product of DMAc, N,N-dimethylacetoacetamide (35). The high-
temperature mechanism for cellulose degradation is based on DMAc-derived
N,N-dimethylketeniminium ions (46), the presence of which in heated
DMAc/LiCl, independent of the presence of pulp, was confirmed by trapping.
Also the occurrence of a precursor enol intermediate (52) was demonstrated
by trapping methodology. The general degrading effect of keteniminium ions
on cellulose was experimentally shown in addition.

4
Cellulose in NaOH (Alkali Cellulose)

4.1
Aging of Alkali Cellulose

Alkalization of cellulose – often also called alkaline steeping – is a central
process step in the production of many cellulose derivatives, most notably
xanthation in the viscose process [72] or etherification in the production of
carboxymethyl celluloses or alkyl celluloses [73]. In viscose rayon production,
alkalization is not only used for activation of the hydroxyl groups towards
xanthation, but also to free the pulp from impurities, such as hemicellu-
loses and cello-oligosaccharides. The alkalization step involves treatment of
dissolving pulp with strong alkali hydroxides – mostly 18% NaOH – which
converts cellulose into sodium cellulose I. The alkalization step is followed
by the (pre-)ripening procedure: excess sodium hydroxide is pressed off and
the press cake is left at temperatures slightly above ambient in the presence
of air for several hours. In this stage, the appropriate pulp viscosity, i.e. the
cellulose DP, is adjusted for further processing to viscose. It is known that
the changes in the molecular-weight distribution are brought about by oxida-
tive processes [74, 75], which involve introduction and conversion of oxidized
functions, such as keto and aldehyde groups [76], in addition to chain short-
ening.

Mechanistic aspects of the alkaline degradation of cellulosic materials have
mainly been addressed by research groups in the 1950s and 1960s [77–79].
Chain cleavage was shown to be predominantly caused by introduction of
keto groups followed by β-elimination. As early as 1949, a radical chain mech-
anism for the aging of alkali cellulose was proposed [80, 81]. The formation of
hydrogen peroxide during aging of alkali cellulose under oxygen was demon-
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strated [82], as well as the formation of a number of low-molecular-weight
acids. Thus, reactive oxygen species, namely hydroperoxyl, alkylperoxyl and
hydrogen peroxide along with the respective radical anions, play a key role in
the aging of alkali cellulose. The question of whether also the extremely re-
active hydroxyl radicals were involved was controversially discussed. On one
hand, the formation of hydroxyl radicals from peroxides and other reactive
oxygen species should proceed relatively easily, on the other hand, hydroxyl
radicals – if present in reasonably high concentrations – should cause much
more pronounced chain degradation than usually observed.

Problems concerning the presence of a distinct radical species are usually
addressed by specific trapping [83], employing spin traps that react with tran-
sient single-electron species to form stable radicals, which are subsequently
analyzed by EPR or UV spectrometry. Such approaches have been widely and
successfully used for a large variety of structurally different radicals, employ-
ing numerous special spin traps. Almost all of these applications have been
concerned with the detection of radicals under physiological conditions or
conditions coming close to those in living systems. The number of spin traps
remaining operational under extreme conditions, i.e. at high temperatures or
in the presence of concentrated acids, bases or other aggressive chemicals, is
extremely limited. This was the reason, for instance, why a nonconventional
spin trap had to be used to clarify the chemistry in Lyocell dopes (see above).
For the detection of OH radicals during alkalization of celluloses the extreme
conditions posed a similar problem.

4.2
Development of a Hydroxyl Radical Trap Working in Alkali Cellulose

There have been reports on spin traps working under alkaline bleaching
conditions [84, 85], and a literature report on a colorimetric determination
of OH radicals in weakly alkalized cellulose samples using N,N′-(5-nitro-
1,3-phenylene)bisglutaramide [86], but these approaches were not viable for
application in the case of alkali cellulose. Generally, there was no spin trap
known to work under the drastic conditions of cellulose alkalization, a re-
action essentially carried out in concentrated aqueous NaOH. Recovery of
the spin traps and separation from the alkalization byproducts remained
as additional obstacles. In most cases, both the starting trap and the trap-
ping product cannot withstand the concentrated alkaline medium. There-
fore, aromatic hydroxylation was chosen as another means to report the
presence of hydroxyl radicals. Aromatic systems are converted into hydrox-
yaromatics (phenols) in the presence of hydroxyl radicals. Usually, salicylic
acid or phenylalanine are used as aromatic traps in hydroxylation assays
under physiological conditions [87]. However, application to alkali cellu-
lose posed the problem of retrieving spin trap and trapping products, as
the mixture was rather complex and contained a nearly inseparable blend
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of aromatic degradation products from low-molecular-weight celluloses and
hemicelluloses.

γ -Tocopheryl-iso-propyl ether (56) was introduced as a new hydroxyl-
selective spin trap to work under conditions of cellulose alkalization [88]. The
reagent was synthesized according to a facile Williamson etherification pro-
cedure starting from γ -tocopherol (6) and 2-bromo-propane. The reagent is
stable under ambient conditions, but should be kept in the dark under inert
gas for long-term storage. The trapping reagent offered the advantage of only
one aromatic position free for hydroxylation, which limited the number of
possible hydroxylation products and facilitated subsequent analysis. Further-
more, the spin trap and its reaction products are strongly lipophilic and thus
readily extractable into apolar solvents, a fact that had already been exploited
and mentioned repeatedly in the case of tocopherol-based trapping agents.
Even from the semi-solid cellulose alkalization mixture, retrieval of trapping
agent and problems posed no problems.

The selectivity of the trap towards hydroxyl radicals was demonstrated
by several control experiments using different radicals, showing that the for-
mation of the respective hydroxylation product, 5-hydroxy-6-O-iso-propyl-
γ -tocopherol (57), was caused exclusively by hydroxyl radicals, but not by
hydroperoxyl, alkylperoxyl, alkoxyl, nitroxyl, or superoxide anion radicals.
These radicals caused the formation of spin adducts from standard nitrone-
and pyrroline-based spin traps, whereas a chemical change of spin trap 56
was only observed in the case of hydroxyl radicals. This result was inde-
pendent of the use of monophasic, biphasic, or micellar reaction systems: in
all OH radical generating test systems, the trapping product 57 was found.
For quantitation, compound 57 was extracted with petrol ether, separated by
adsorption onto basic alumina and subsequently oxidized in a quantitative re-
action to α-tocored, the deeply red-colored 5,6-tocopheryldione, which was
subsequently determined by UV spectrophotometry (Scheme 23).

The trapping selectivity of γ -tocopheryl-iso-propyl ether (56) was due to
a combination of both electronic and steric effects. The aromatic part in
tocopherols is electron-rich, which is the prerequisite for a high trapping effi-
ciency towards electrophilic radicals. The electron density is increased by the
mesomeric effects of the two oxygens at C-6 and C-8a and the inductive influ-
ence of the alkyl groups. γ -Tocopheryl-methyl ether (58) can be regarded as
a model trap in which only the electronic contributions are active, since the
methyl substituent is sterically innocent, exerting no influence on the neigh-
boring non-substituted aromatic position. Compound 58 reacted also with
hydroperoxyl, alkylperoxyl and alkoxyl radicals besides hydroxyl radicals: the
high selectivity for hydroxyl radicals as found in 56 was evidently lost by
exchanging the isopropyl for a methyl group. On the other hand, the iso-
propyl group was still small enough to allow hydroxyl radicals approaching
the neighboring aromatic position. A tert-butyl structure as in γ -tocopheryl-
tert-butyl ether (59), carrying only one CH3 group more than trap 56, had
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Scheme 23 Hydroxyl radical-selective trapping reaction with γ -tocopheryl-iso-propyl
ether (56) and γ -tocopheryl ether derivatives (58, 59) showing different reactivity towards
radicals

apparently lost this property, as hydroxyl radicals attacked this molecule al-
most randomly, with only a slight preference remaining for the reactive, but
now largely inaccessible position 5.

4.3
Hydroxyl Radical Trapping in Alkali Cellulose During Aging

By application of hydroxyl radical trap 56, the presence of hydroxyl radicals
during ripening of alkali cellulose was proven for the first time. Aging of alkali
cellulose was performed under conditions of industrial relevance, over a time
of 19 h at two temperatures, 35 ◦C and 40 ◦C. The spin trap was added during
the initial shredding of the alkali cellulose, and samples were taken over the
reaction time. The samples were extracted with petrol ether to remove all to-
copherol products, and the trapping product quantified as described above.
The obtained data corresponded to the amount of hydroxyl radicals trapped
during the respective time, which is an integral value, reflecting the amount
of hydroxyl radicals trapped from the beginning of the aging process to a spe-
cific time rather than a snapshot of the radical concentration at the respective
point of sampling time.

OH-radical production was quite intense in the initial phase of alkali cel-
lulose aging, whereas in the later stages radical production gradually slowed
down. The leveling off at longer reaction times could not be attributed to
a diminished trap reservoir, as approximately 70% of the trap remained un-
changed after completion of alkalization. About 15% of the added reagent was
converted within the first three hours, nearly 30% at the end of the aging
procedure after 19 ◦C. Thus, about one half of the trapped OH radicals were
generated in the first sixth of the overall aging time. This allowed the interest-
ing conclusion that hydroxyl radicals were mainly active in the initial phases
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of cellulose aging, but involved little in later stages. This appeared reasonable
as alkalization of cellulose under oxygen is well-known to produce a variety of
low-molecular-weight (aromatic) compounds and semi-stable radicals from
cello-oligosaccharide and xylo-oligosaccharide degradation products, all of
which act as competitive substrates trapping hydroxyl radicals [89–93]. The
concentrations of these species are low in early aging phases, so that hydroxyl
radicals predominantly react with the tocopherol-derived trap 56. In later
stages, the reaction with the condensation products becomes increasingly
competitive as their concentration increases, so that less hydroxyl radicals
react with spin traps or with cellulose.

4.4
Cellulose Degradation During Steeping of Alkali Cellulose

The course of hydroxyl radical generation agreed very well with the observed
cellulose chain degradation. The DP loss was pronounced in the early alka-
lization stage, and slowed down with longer reaction times, parallel to the
activity of hydroxyl radicals as detected through the trapping approach. For
instance, cellulose of an initial DP of approximately 1400 suffered a DP loss
of 400–500 within the first three hours, whereas the DP loss in the remaining
16 h was only about 300–400 DP units more. The hydroxyl radicals present –
this applies to other radicals as well – appeared to attack the alkali cellulose
mainly in the early phases of the aging procedure; in later phases competitive
reactions of the radicals with low-molecular-weight products became increas-
ingly dominant, so that aging cellulose degradation could be assumed to be
increasingly caused by ionic rather than radical processes.

Also with trap 56 no quantification of the total amount of generated hy-
droxyl radicals could be performed – as is the case with any other trapping
method – since hydroxyl radicals are overly aggressive chemical species, re-
acting with any structure in their immediate chemical environment. However,
aging of alkali cellulose in the absence and presence of the radical trap was
compared and showed that the presence of γ -tocopheryl isopropyl ether (56)
in aging alkali cellulose evidently slowed down the chain cleavage of cellulose
and thus impeded the rate of the DP loss. The differences in the aging kinet-
ics were related to the trapped hydroxyl radicals, with the missing amount of
OH radicals corresponding to the amount of hydroxylation product isolated.
However, the contribution of OH radicals to the overall cellulose degrada-
tion, approximately 100 DP units, was comparatively small, the larger part
was attributable to the action of different radicals, reactive oxygen species,
and heterolytic processes. Also OH radicals, which hydroxylated the trap,
would in the absence of the trap not necessarily attack and cleave the cel-
lulose chain directly, but rather initiate a complex set of reactions, which as
a whole resulted in chain degradation. These processes, for instance, might
consist of the generation of secondary radicals which attack the cellulose,
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or the introduction of oxidized functionalities into the cellulose chain fol-
lowed by base-induced cleavage (β-elimination). The aging temperature had
the expected strong effect; the cellulose degradation proceeded faster with
increasing temperature.

4.5
Summary

The presence of OH radicals during aging of alkali cellulose – as performed
in the ripening step of viscose production – was proven for the first time by
application of a newly developed, tocopherol-derived trapping agent 56. The
action of OH radicals was shown to be especially pronounced in the earlier
phase of the aging reaction, in later stages the effect of OH radicals was in-
creasingly attenuated by competitive reactions with (aromatic) carbohydrate
degradation products.

5
Cellulose Carbanilation in DMSO

5.1
Cellulose Carbanilation in Different Solvents

Cellulose tricarbanilate, obtained by reaction of cellulose with phenyl iso-
cyanate – mostly in DMSO or pyridine as the solvents – has been used widely
for the determination of analytical parameters of celluloses by gel permeation
chromatography (GPC) in organic solvents, such as THF.

Carbanilation offers some advantages over direct dissolution, e.g. in
DMAc/LiCl, or over preparation of other derivatives for analytical purposes,
such as cellulose nitrates. For instance, carbanilates are quite stable and
can be stored over extended periods of time [94], and the eluants used in
GPC of carbanilates – mostly THF – are much less exotic than, for instance,
DMAc/LiCl or transition-metal complexes. The increase of the polymer
mass by carbanilation in combination with the large refractive index in-
crement dn/dc accounts for increased sensitivity upon light-scattering and
refractive-index detection, respectively. In addition, the introduction of aro-
matic moieties upon derivatization allows for monitoring by UV detection.
Carbanilates are also suitable derivatives for the analysis of partially substi-
tuted celluloses, such as cellulose ethers or esters. After derivatization of the
remaining free hydroxyl groups by carbanilation the degree of substitution
in relation to the molecular weight can be assessed without a cleavage of the
primary substituents [94, 95].

One obstacle to a broad application in cellulose analytics is a certain dis-
crimination effect: low-molecular-weight parts are lost in precipitation and
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purification steps. The main disadvantage, however, is cellulose degradation
upon carbanilation, and the lack of suitable means to prevent this negative
effect, so that a reliable polymer-analogous derivatization could not be per-
formed so far. Many derivatization procedures for cellulose tricarbanilates
have been reported [96–105]. In most protocols, DMSO was used as the
derivatization solvent, sometimes pyridine or mixtures of both solvents. Cel-
lulose degradation was found to occur in both solvents, but was described
to be more pronounced in DMSO [102–104]. The degradation in DMSO was
assumed to be due to an oxidizing effect of the solvent in combination with
isocyanate, similar to Moffat oxidation systems [106], which would introduce
carbonyl structures that subsequently cause chain cleavage by β-elimination
procedures. The latter was also assumed to be the cause of cellulose degrada-
tion in pyridine as the carbanilation solvent.

It was the main goal of our studies to verify the existence of an oxidizing
effect of DMSO-based carbanilation mixtures on cellulose, and – if this effect
existed – to clarify the responsible reactive intermediates. Trapping reactions
were again the key elements in these mechanistic studies.

5.2
Oxidizing Effects of Carbanilation Mixtures Containing DMSO

The oxidative power of carbanilation mixtures containing DMSO and iso-
cyanates was concluded from cellulose degradation in these mixtures. The
mechanism of cellulose degradation was proposed to be a combination of ox-
idation and subsequent chain cleavage at the oxidized positions according to
a β-elimination mechanism triggered by auxiliary bases [106].

Three carbinol model compounds with a α,α,α′,α′-tetraalkyl substitu-
tion pattern were applied to screen for oxidizing DMSO-derived species:
2,2,4,4-tetramethylpentan-3-ol (60), 2,2,6,6-tetramethylcyclohexanol (62),
and fenchyl alcohol (64) the latter being closer to the structure of cellu-
losic anhydroglucose units by having a similar six-membered ring in chair
conformation. The main advantage of the model compounds was their
inability to form carbanilates due to steric crowding. For instance, 2,2,4,4-
tetramethylpentan-3-ol (60) can also be termed di-tert-butyl-carbinol –
a name that better reflects the steric hindrance. Using classical Swern oxi-
dation conditions, it was confirmed that small molecules, such as sulfonium
ylides, could still approach this site to perform oxidation, whereas steric hin-
drance around the hydroxyl groups would prevent larger molecules – such
as isocyanates – from reacting. Thus, the chosen model compounds would
make oxidation observable without carbanilation as a competitive process.
Furthermore, the three product ketones were inert towards the carbanilation
mixtures and thus were not further consumed by side-reactions.

Indeed, the oxidizing effect of a DMSO/PhNCO mixture under stan-
dard cellulose carbanilation conditions, i.e. reaction times of 2–3 d at tem-
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Scheme 24 Proving the oxidizing effect of DMSO/phenyl isocyanate mixtures under con-
ditions used for carbanilation of cellulose by means of sterically hindered alcohol model
compounds

peratures between 40 ◦C and 90 ◦C and a molar DMSO/isocyanate ratio
of about 100 : 1, was demonstrated by means of the model compounds.
All three alcohols were converted into the corresponding ketones, 2,2,4,4-
tetramethylpentan-3-one (61), 2,2,6,6-tetramethylcyclohexanone (63) and
fenchone (65), and no alcohol-derived byproducts, especially no carbanilates,
were found (Scheme 24). In the presence of cellulose as a competitive sub-
strate, the model alcohols were still oxidized, but at a much slower rate. This
confirmed that the oxidative effect of the DMSO/PhNCO mixture was still ac-
tive and not suppressed by the cellulose, and implied that cellulosic hydroxyls
were oxidized to keto functions similar to the hydroxyls of the model alcohol
probes. As the model compounds used were strongly sterically hindered, it
was moreover likely that the oxidizing effect on the relatively easily accessible
cellulosic hydroxyls was even more pronounced.

5.3
Carbanilation in the Presence of Trapping Agents

The proof of the oxidizing power of the DMSO-based carbanilation did not
answer the question of which chemical species were actually causing the ox-
idation. It was very likely that these species were sulfonium ylides (66) by
analogy to Moffat-type and Swern-type oxidations. Apart from their action
mode as oxidants, sulfonium ylides are able to react with double bonds to cy-
clopropanes or epoxides, depending on whether the coreactant is an olefin, an
α,β-unsaturated ketone, or an α,β-unsaturated ester. This chemical behavior
was employed in a trapping approach to prove the presence of sulfonium ylide
species.

From the apparent wealth of unsaturated compounds as coreactants, very
few seemed appropriate as trapping agent for sulfonium ions or ylides, since
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the trapping approach once more sets special requirements: the reaction
products – possibly formed in minute amounts only – had to be separated
from the cellulose carbanilation mixture, purified, and identified. For this
reason, once more a tocopherol derivative, 3,4-dehydro-α-tocopheryl acetate
(48), was chosen due to its strong lipophilicity which guaranteed supreme
extractability into apolar media, such as n-hexane or petrol ether, also from
complex and heterogeneous carbanilation mixtures. The apolar extraction
medium contained only the trapping agent and its products; all other compo-
nents were too hydrophilic to enter the alkane phase.

Carbanilation in the presence of the trapping agent and subsequent ex-
traction into n-hexane provided a mixture of non-reacted trap and a main
product, the corresponding cyclopropa[c]chromanol derivative 67, indicating
that the double bond of the trapping agent had undergone cyclopropanation
(Scheme 25). The cyclopropane derivative was separated, purified and fully
analytically characterized, and its structure additionally confirmed by com-
parison with an authentic sample.

The trapping product constituted unambiguous evidence for the pres-
ence of dimethylsulfonium ions and the derived sulfonium ylide in the
carbanilation mixture consisting of DMSO/PhNCO/cellulose. These sulphur-
containing species – known to be strongly oxidizing as the actual oxidants
in Moffat-type and Swern-type procedures – cause the oxidative effect of the

Scheme 25 Generation of methylsulfonium ylides in DMSO-based cellulose carbanilation
mixtures, trapping by 3,4-dehydro-α-tocopheryl acetate (67), and quick color testing for
their presence by naphthoquinone derivative 69
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DMSO/isocyanate carbanilation medium on cellulose. It should be noted that
the oxidation per se does not cause chain cleavage and cellulose degradation,
but only the introduction of carbonyl functionalities along the cellulose chain.
However, these groups constitute points of pronounced chemical instability
where subsequent cleavage, mainly under basic conditions in β-elimination
processes, will readily occur.

A second proof of the presence of the cellulose-damaging sulfonium ylide
66 was provided by employing 5-hydroxy-2,3-dimethyl-[1,4]-naphthoquinone
(68) as the trapping agent. This compound, which dissolved with a dark-blue,
almost black, color – was similarly attacked at the quinoid double bond, and
converted into a mixture of the cyclopropane derivative 1a,7a-dihydro-1H-
cyclopropa[b]naphthalene-2,7-dione (69) and the epoxide derivative 1a,7a-
dihydro-1-oxa-cyclopropa[b]naphthalene-2,7-dione (70) in an approximate
3 : 1 ratio (Scheme 25). As both of the products lacked the strongly chro-
mophoric benzoquinoid system, the solution turned increasingly light during
the reaction, finally reaching a pale-greenish hue.

Besides the direct proof of the presence of the oxidizing sulfonium species,
this reaction offered a surprisingly easy and convenient way to check whether
certain carbanilation conditions will cause oxidative damage of cellulose or
whether they are safe to perform with regard to cellulose integrity. For this
purpose, the naphthoquinone 68 was used as a quasi-color indicator in very
low concentrations, just enough to cause a visible coloration of the solution.
If the reaction mixture exerted an oxidizing effect due to dimethylsulfonium
ions, the color faded; if no oxidizing sulfonium species were present, the
color remained unchanged. With the finding of this probe, it became readily
possible to monitor the effect of different influencing factors, such as tem-
perature, isocyanate type, concentration, cosolvents, auxiliaries and others,
on the oxidative power of the carbanilation system, in order to minimize ox-
idative damage to the cellulose and subsequent DP losses.

5.4
Summary

The oxidative effect of the DMSO/PhNCO system on cellulose was confirmed
by means of alcoholic model compounds (60, 62, 64) that were neatly oxi-
dized into the corresponding ketones. The presence of the active species, the
oxidatively acting sulfonium ylide 66, in the cellulose carbanilation mixture
was proven by trapping with two reagents, a tocopherol-based compound (48)
and a naphthoquinone (68) that was also used in a facile color test to esti-
mate the degrading effect of certain carbanilation mixtures and conditions on
cellulose.
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Abstract Dextran, comprising a family of neutral polysaccharides consisting of an α-(1→6)
linked d-glucose main chain with varying proportions of linkages and branches, depend-
ing on the bacteria used, is an interesting starting material for chemical modification
reactions for the design of new functional polymers with promising properties. The re-
view summarises recent results on structure characterisation of dextran including some
comments on biosynthesis of this important class of biopolymers. Applications of dextran
are discussed as well. Chemical modification reactions of dextran are increasingly studied
for the structure and hence property design. The review highlights recent progress in es-
terification of dextran, both inorganic and organic polysaccharide esters, etherification
reactions towards ionic and non-ionic ethers, and the huge variety of different conver-
sions mainly developed for the binding of drugs. It summarises recent developments in
the application of dextran derivatives with a focus on the chemical structures behind
these materials such as prodrugs, bioactivity of inorganic dextran esters, heparin sulfate
mimics, hydrogels, nanoparticles and self assembly structures for surface modification.
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1
Introduction

Polysaccharides are fascinating macromolecules possessing structural diver-
sity and functional versatility. Focusing on polyglucans (i.e. polysaccharides
containing glucose repeating units only) a broad variety of structures ap-
pear, resulting from the stereochemistry of the anomeric C-atom, from the
regiochemistry of the glycosidic linkage and from the pattern of branching.
Cellulose, the β-(1 → 4) linked polyglucan of a very uniform molecular struc-
ture, is by far the most important polysaccharide. Cellulose is not only the
most abundant organic compound but also most intensively used as raw ma-
terial for the commercial production of fibres, beads and sponges as well
as for the commercial synthesis of various esters and ethers [1]. Next to
cellulose, the polyglucan starch has to be mentioned. As very well known,
starch consists of two primary polymers containing d-glucose, namely the
linear α-(1 → 4) linked amylose and the amylopectin composing additional
α-(1 → 6) linked branches. Amylose and amylopectin occur in varying ra-
tios depending on the plant species [2]. Starch is also used to a high extent
as raw material for chemical modification reactions, though the commercially
produced derivatives possess a low degree of substitution (DS). In addition
to these polysaccharides mainly isolated from different plant sources, various
fungi and bacteria synthesise polyglucans, e.g. curdlan (β-(1 → 3) linked),
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scleroglucan and schizophyllan (β-(1 → 3) linked main chain and β-(1 → 6)
linked branches) and pullulan (α-(1 → 4) and α-(1 → 6) linked).

However, the most important polysaccharide for medical and industrial
applications produced by bacterial strains is dextran, a family of neutral
polysaccharides consisting of an α-(1 → 6) linked d-glucose main chain with
varying proportions of linkages and branches depending on the bacteria used
(Fig. 1). The α-(1 → 6) linkages in dextran may vary from 97 to 50% of total
glycosidic bonds. The balance represents α-(1 → 2), α-(1 → 3) and α-(1 → 4)
linkages usually bound as branches [3]. Different bacterial strains are able
to synthesise dextran mainly from sucrose. In 1861, Pasteur found slime-
producing bacteria, which were later named Leuconostoc mesenteroides by
van Tieghem in 1878 [4, 5]. Scheibler named the segregated carbohydrate

Fig. 1 Part of the α-(1 → 6)-linked glucose main chain of dextran with branching points
in 2-, 3- and 4-positions



204 T. Heinze et al.

“dextran”. Subsequent investigations have shown that dextran can be formed
by several bacterial strains mostly gram-positive, facultatively anaerobe cocci,
e.g. Leuconostoc and Streptococcus strains [6].

The commercial production carried out by various companies is estimated
to be ca. 2000 t year–1 worldwide [7]. Due to the common solubility in water
and various other solvents (e.g. DMSO, formamide), the biocompatibility, and
the ability of degrading in certain physical environments, dextran is already
successfully applied in the medical and biomedical field [8]. The physiological
activity of dextran and its derivatives, indicated also by a very large number
of publications in this area of research, is in contrast to inadequate struc-
tural analysis of both dextran and their semi-synthetic products. Only a few
publications, in contrast to extensive studies in cellulose and starch chem-
istry [9, 10], deal with the defined functionalisation and characterisation of
dextran for adjusting desired features.

From the chemist’s point of view, dextran is really an interesting polysac-
charide as starting biopolymer for the design of structures and hence of
properties by polymeranalogous reactions. The homopolymer structure of
dextran composed of d-glucose units without any relevant imperfection and
the availability of a number of dextran samples with a narrow molecular
weight distribution are advantageous for the chemical modification. In add-
ition to the products obtained from cellulose and starch, dextran derivatives
may show different properties due to the differences in the structures of
the polysaccharide chain and the three secondary hydroxyl groups, even if
the same functional groups are introduced. Multifunctional dextran deriva-
tives can be prepared with tunable properties depending on the introduced
substituent. The main goal of this article is to review some aspects of the
chemistry of dextran. Emphasis is placed on ethers and esters, which have
been a recent focus of interest.

2
Sources, Structure and Properties of Dextran

2.1
Occurrence of Dextran

Leuconostoc mesenteroides and Leuconostoc ssp. are found in fermented foods
of plant origin [11]. The occurrence of these bacteria in sugar refineries is
responsible for problems in filtration processes because of increased viscos-
ity by the presence of soluble dextran [12, 13]. Furthermore, dextran retards
the rate of crystallisation of sucrose and adversely affects the crystal shape.
The occurrence of dextran in the matrix of dental plaque results from cer-
tain Streptococcus strains [14]. The principle organism, Streptococcus mutans,
is able to produce water-soluble glucan (named dextran) and water-insoluble
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glucan (mutan) from sucrose [15, 16]. These polysaccharides provide a pro-
tective matrix for the colonisation of cariogenic bacteria on the tooth surface
and attend as reserve carbohydrates [12]. Consequently, dental plaque pro-
motes caries and can thus be reduced by application of dextranases, enzymes
which hydrolyse specific glycosidic bonds [17]. One of the major industrial
applications of dextranases is the reduction of sliming in sugar production
processes [18].

For industrial, medical and scientific interests, a variety of dextran sam-
ples from different origins are commercially available. Depending on the
fermentation conditions, dextran with particular features can be produced as
described in Sect. 3.2.

2.2
Structure Characterisation

Dextran is a homopolymer of glucose with predominantly α-(1 → 6) linkages
(50–97%) [12]. Figure 1 shows a part of the dextran main chain with branch-
ing points in the 2, 3 and 4 positions. The degree and nature of branching
units is dependent on the dextran-producing bacterial strain [6].

Preliminary examinations of dextran structures were conducted by opti-
cal rotation, infrared spectroscopy and periodate–oxidation reactions. More
detailed results can be achieved by methylation analysis [19]. The hydroxyl
groups are methylated with methyl iodide after activation with sodium
methylsulfinyl carbanion (Fig. 2). The methyl dextran is hydrolysed to the
corresponding different methylated monosaccharides, which are furthermore
reduced and peracetylated. The resulting alditol acetates of methylated sug-
ars are separated by gas chromatography and identified by their retention
times. In particular, a combined capillary gas–liquid chromatography/mass

Fig. 2 Methylation analysis with subsequent GLC-MS for structure determination of dex-
tran demonstrated for an α-(1 → 6) linked glucose unit
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Table 1 Percentage of different glycosidic linkages in dextran of different bacterial strains
obtained by methylation analysis

Strain number a Solubility α-Linkages (%) Refs.
in water 1 → 6 1 → 2 1 → 3 1 → 4

Lm NRRL B-512F + 95 5 [21, 23]
Lm NRRL B-1355 fraction 1 + 54 46 [20]
Lm NRRL B-1355 fraction 2 – 95 5 [24]
Lm NRRL B-1299 fraction 1 + 68 29 3 [25]
Lm NRRL B-1299 fraction 2 – 63 27 8 [25]
Lm NRRL B-742 fraction 1 + 50 50 [24]
Lm NRRL B-742 fraction 2 – 87 13 [24]
S mutans 6715 fraction 1 + 64 36 [16]
S mutans 6715 fraction 2 – 4 96 [26]
S mutans GS5 + 70 30 [27]
S downei + 90 10 [28]

a Lm Leuconostoc mesenteroides, S Streptococcus

spectrometry (GLC-MS) is an effective method for structure determination of
dextran [20, 21].

Furthermore, structural investigations were carried out by the use of
degradative enzymes of known specificity followed by means of thin-layer
chromatography, HPLC and 13C NMR spectroscopy [12, 16]. Table 1 shows
examples of the linkage analysis of several dextran fractions produced by dif-
ferent bacterial strains.

The length of the side chains in dextran produced by Lm NRRL B-512F
has been studied by sequential alkaline degradation [22]. The procedure is
based on the substitution of the terminal non-reducing glucopyranose (Glcp)
at position 6 with p-toluenesulfonylmethyl groups. Analysis by GLC-MS re-
veals that about 40% of the side chains contain one glucose residue, 45% are
two glucose units long and the remaining 15% are longer than two. These
results confirm HPLC studies of enzymatically hydrolysed dextran from Lm
NRRL B-512F [3].

2.2.1
NMR Spectroscopic Characterisation of Dextran

Beside chemical modification and degradation of the polymer backbone,
NMR spectroscopy is a capable method for structure determination of dex-
tran [29–32]. Moreover, from the experiences of the authors in the field
of structure characterisation of polysaccharides and their derivatives, NMR
spectroscopy is one of the most important methods for obtaining detailed
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structure information [33]. The chemical shifts of the hydrogen and carbon
atoms (NMR spectra measured in DMSO-d6) of the glucose unit in the α-
(1 → 6) linked main chain are summarised in Table 2. In addition to the ring
protons, the protons of the hydroxyl moieties are located at 4.10–4.12 ppm
(OH2), 4.51–4.52 ppm (OH3) and 4.63–4.64 ppm (OH4). Anomeric proton
resonances of reducing end groups are down-field shifted for α- and high-
field for β-anomers [31]. In the 13C NMR spectrum, six signals for the cor-
responding C-atoms of the dextran main chain are found (Table 2).

In addition to the resonances of the main chain, signals corresponding to
certain branches can be observed. Strain Lm NRRL-B 512F is known to pro-
duce dextran with about 5% α-(1 → 3) linkages, determined by methylation
analysis. Beside the resonances of the α-(1 → 6) linked glucose unit, the sig-
nal at 100.5 ppm indicates C1 corresponding to an α-(1 → 3) linkage (Fig. 3).
The signal at 84.4 ppm indicates C3 of the α-(1 → 3, 6) linked branching unit.
The C6 atom of the non-reducing end group (indicated as C6s, where s is sub-
structure) is assigned to the signal at 61.7 ppm. The α-(1 → 3) linkage content
can be estimated as 5% by integration of the C1 signals in α-(1 → 6) and
α-(1 → 3) linkages.

Table 2 Chemical shifts (ppm) for α-(1 → 6) linked dextran in DMSO-d6

Position
1 2 3 4 5 6 6′

1H 4.70–4.69 3.19–3.28 3.43–3.47 3.19–3.28 3.63–3.65 3.73–3.77 3.55–3.59
13C 98.9 72.5 74.1 71.0 71.1 67.1

Fig. 3 13C NMR analysis (in DMSO-d6) of dextran (Mw 60 000 g mol–1) produced by Lm
NRRL B-512F in DMSO-d6
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More complex structures need highly resolved NMR spectra applying two-
dimensional (2D) spectroscopy for peak assignment. Extensive NMR studies
have been carried out for dextran produced by Leuconostoc ssp. strain num-
ber 10817 (Mw 5400 g mol–1) [34]. A variety of signals beside the resonances
for the main chain indicates the structural diversity. A slight signal corres-
ponding to the α-(1 → 3) linkage at 100.5 ppm can be observed. Branching
resulting from α-(1 → 2) linkages is predominant. At 97.1 ppm, the anomeric
carbon atom appears to participate in the α-(1 → 2) branch [25]. The C1 in-
volved in an α-(1 → 6) linkage and substituted on C2 is situated at 96.3 ppm
whereas the C2 is situated at 77.4 ppm. Furthermore, no cross-peak in the
HMQC-TOCSY spectrum was observed that corresponded to H1 of the α-
(1 → 2) branch at 4.28–4.30 ppm and C6 of the glucopyranosyl residue in the
side chain, but one with the C6 of the non-reducing end group. These results
indicate branching lengths of one Glcp unit. In accord with the low Mw, the
amount of reducing end groups is comparatively high and can be detected
in the HMQC-TOCSY spectrum. The signal of the α-anomeric (β-anomeric)
proton of the reducing end group at 4.91–4.92 ppm (4.28–4.30 ppm) gives
a cross-peak with the corresponding carbon at 92.8 ppm (97.5 ppm). A part
of the HMQC-TOCSY spectrum is shown in Fig. 4.

Fig. 4 HMQC-TOCSY spectrum in the region of anomeric atoms of dextran produced
by Leuconostoc ssp. strain no. 10817 (Mw 5400 g mol–1) in DMSO-d6 (type of linkage of
corresponding AGU and anomeric form of reducing end group, respectively, in brackets)
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Even with the use of modern NMR instruments, the exact assignment of all
resonances beside the α-(1 → 6) glycosidic linked main chain is not feasible
because of the weak mobility with increasing molecular weight of the polymer.
Additionally, a calculation of the degree of branching by integration of relevant
signals can not satisfactorily be carried out because of overlay and noise.

2.2.2
Molecular Weight

The weight average molecular weight (Mw) can be determined by light
scattering, ultracentrifugation, small-angle neutron scattering and viscom-
etry [35]. Membrane osmometry and end group analysis give information
about the number average molecular weight (Mn). Native dextran is generally
of a high average molecular weight ranging from 9×106 to 5×108 g mol–1

with a high polydispersity [36–38]. The polydispersity of dextran increases
with the molecular weight as a result of increasing branch density [39]. How-
ever, defined molecular weight fractions are of interest for many current
applications. Beside the fractional precipitation with subsequent molecular
weight determination, size exclusion chromatography (SEC) is a useful tool
for analysis of the molecular weight distribution (MWD). Figure 5 shows
MWD curves obtained by SEC from four dextran samples (a–d), which are
used as standards for aqueous SEC, and five further commercially avail-
able dextrans (e–i). Even the lower molecular weight dextran samples (e–h)

Fig. 5 Molecular weight distribution of dextran fractions (a–g) determined by SEC
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for technical and scientific use have a low polydispersity and thus a narrow
MWD.

2.2.3
Physico-Chemical Characteristics

Being more rod-like below Mw 2000 g mol–1, dextran molecules behave as
a random coil in aqueous, low concentration solution, as examined by small
angle X-ray scattering (SAXS) measurements [40–42]. If a certain overlap
concentration is reached, the individual chains interpenetrate each other and
form a transient network of entangled chains resulting in more compact coil
geometry and thus a non-Newtonian behaviour [43, 44]. The radius of gyra-
tion, RG, is a useful parameter for estimating the size of dextran molecules
in solution. With increasing Mw the RG increases, whereas higher concentra-
tions or poor solvents lead to decreased RG values (Table 3) [41, 45].

Naturally occurring dextran is basically amorphous. However, single crys-
tals with lath-like shape can be grown in a mixture of water/polyethylene
glycol at temperatures ranging from 120 to 200 ◦C [47]. Combined electron
and X-ray diffraction studies indicate that the unit cell contains two antipar-
allel dextran chains of two glucopyranosyl residues each [48].

Table 3 Molecular dimensions of dextran from Lm NRRL B-512F as radius of gyration
(RG) in nm depending on Mw, concentration and solvent

Solvent/ RG(nm) Refs.
concentration Mw ×10–3 (g mol–1)
(mg mL–1) 40 70 100 500 1000 2000

Water/1.25 8.5 9 – – – – [41]
Water/5 6 8 9.5 20 27.5 38 [46]
Water/50 30 – – – – – [42]
Water/100 – 10 – – – – [41]
10% Ethanol/50 25 – – – – – [42]
1M Urea/50 30 – – – – – [42]

2.3
Properties

Depending on the dextran-producing bacterial strain and thus the structural
diversities, the properties of dextran may be different for different samples.
In general, the occurrence of the α-(1 → 6) glycosidic bond provides an in-
crease of chain mobility and is responsible for the solubility in a variety
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of solvents including water, DMSO, DMA/LiCl, formamide, ethylene glycole,
glycerol, 6 M aqueous urea, 2 M aqueous glycine and 4-methylmorpholine-
4-oxide [13, 45, 49]. The molecular weight of the dextran fraction can in-
fluence the time of the dissolution. A 10% aqueous dextran solution (Mw
40 000 g mol–1) will develop precipitates during storage, indicating that dex-
tran solutions are not stable [42, 50]. The adsorption of dextran molecules
on the air–liquid interface is the first step of insolubilisation. The precipitates
can be resolved in boiling water or DMSO. Even hydrogel formation oc-
curs from concentrated solutions (50–60%) of low molecular weight dextran
(Mw 6000 g mol–1) caused by sol–gel conversion, which leads to crystallisa-
tion [51].

The colloid osmotic pressure of aqueous dextran solutions can be regu-
lated by molecular weight and concentration of the solute [52]. Dissolved
dextran in low concentrations possesses Newtonian flow characteristics [45].
The relationship between viscosity and concentration is shown in Fig. 6 for
different dextran fractions [52]. The molecular weight dependence of the in-
trinsic viscosity can be estimated by several equations [37, 46, 53].

The specific rotation of dextran differs with the solvent and the struc-
tural features. Rotations at 25 ◦C in water and formamide range from + 195
to + 201◦ and from + 208 to + 233◦, respectively [6, 52].

Dextran is a physiologically harmless biopolymer because of its biocom-
patible, biodegradable, non-immunogenic and non-antigenic properties [54,
55]. It can be depolymerised by different α-1-glycosidases (dextranases) oc-
curring in liver, spleen, kidney and lower part of the gastrointestinal tract.

Fig. 6 Dependence of viscosity of dextran fractions on concentration at 25 ◦C [52]
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3
Production and Application of Dextran

3.1
Biosynthesis of Dextran

The majority of dextrans in nature are produced extracellularly via dextran-
sucrase from sucrose by several lactic acid bacteria, principally Leuconostoc
and Streptococcus species [13]. Dextran is also synthesised by dextrinase of
different Gluconobacter species [56]. Referring to this enzyme, fermentation
of maltodextrins leads to α-(1 → 4) branched dextrans with comparatively
lower Mw. However, dextransucrase from Leuconostoc mesenteroides NRRL
B-512F has attracted most interest because of commercial use.

Dextransucrase is the active enzyme, which catalyses the transfer of
d-glucopyranosyl residues from sucrose to dextran, circumstantially named
1,6-α-d-glucan-6-α-glycosyl tranferase [45, 57]. The relatively high binding
energy of the glycosidic bond in sucrose is utilised by the enzyme to syn-
thesise the α-(1 → 6) linkages of the polymer backbone [13]. Therefore, no
adenosine triphosphate or cofactors are required. Beside sucrose, a num-
ber of natural, as well as synthetic, donors yield dextran in the presence
of dextransucrase. Lactulosucrose [58], α-d-glucopyranosyl fluoride [59],
p-nitrophenyl-α-d-glucopyranoside [60] and even dextran [61, 62] can act
as donor substrates. For the investigation of the mechanism, pulse-chase
studies with 14C-labelled sucrose were conducted [63]. The proposed inser-
tion mechanism involves two nucleophiles at the active site, which attack
sucrose and yield two β-glycosyl intermediates by displacing fructose [64].
The primary hydroxyl group of one glycosyl residue attacks nucleophilically
the C1 of the second glycosyl intermediate, resulting in the formation of
an α-(1 → 6) linkage and a free enzyme nucleophile. The unoccupied nu-
cleophile site attacks another sucrose molecule forming a new β-glycosyl
intermediate. The primary hydroxyl group of the latter attacks the C1 hy-
droxyl group of the isomaltosyl unit and is thus conveyed to the glycosyl
residue. The glycosyl and dextranosyl groups are alternately transferred be-
tween the nucleophiles while a growth of the dextran chain proceeds (Fig. 7).
If an acceptor displaces the dextran from the active site, termination of
chain extension occurs. Acceptors are polyhydroxyl compounds, for instance
maltose, nigerose, methyl-α-d-glycoside and dextran itself [65]. In the lat-
ter case, branching results from an attack of the C3 hydroxyl group of
a dextran acceptor chain at the glucosyl or dextranosyl unit of the enzyme
(Fig. 7, [66]).

Imidazolium groups of histidine are essential for the transfer of a hydrogen
ion to the displaced fructosyl moiety [12]. The reprotonation of the imida-
zole takes place by abstracting a proton from the C6 hydroxyl moiety and
facilitating the formation of the glycosidic linkage.
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Fig. 7 Mechanism proposed for the synthesis of the α-(1 → 6) glycosidic linked dextran
backbone (A) and α-(1 → 3) branches (B) by B-512F dextransucrase (adapted from [12])

3.2
Industrial Production

Recently, most major producers of dextran apply a method based on the
batch-wise culture of Leuconostoc mesenteroides NRRL B512(F) or B512
strains in the presence of sucrose [67]. Aside from serving as energy source
for the microorganism, sucrose induces the dextransucrase production [68].
Special nutritional requirements are satisfied by a combination of complex
medium components, for instance yeast extracts, acid hydrolysed casein,
corn steep liquors or malt extracts with the addition of peptone or tryp-
tone broth [67, 69]. Low levels of calcium and phosphate are necessary for
optimal enzyme and dextran yields. Initial pH values for the fermentation
media generally lie between 6.7 and 7.2 where maximum enzyme produc-
tion takes place [70]. Due to the liberation of organic acids, e.g. lactic acid,
the pH decreases to approximate 5, the value for maximum enzyme activ-
ity [71]. The stability of the enzyme can be improved by the addition of low
concentrations of high Mw dextran, methyl cellulose, poly(ethylene glycol)
(Mw 20 000 g mol–1) or non-ionic detergents. For practical purpose, the fer-
mentation process for reaching high Mw dextran takes place at a temperature
of 25 ◦C [69, 72]. At lower temperatures, the amount of low Mw dextran in-
creases, while over 25 ◦C higher branching occurs [73, 74]. Another influence
on branching and weight average molecular weight is the concentration of
sucrose. With increasing sucrose content, both the degree of branching and
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the yield of high Mw dextran decreases; thus optimal conditions are con-
centrations of 2–10% and continuous feeding with sucrose [74, 75]. After
24–48 h of fermentation, the viscous culture fluid is precipitated in ethanol
or methanol [76]. The obtained native dextran has a Mw up to 5×108 g mol–1

together with a broad distribution [36–38].
Dextran can also be produced enzymatically using cell-free culture su-

pernatants that contain dextransucrase [68]. Low levels of high molecular
weight dextran, poly(ethylene glycol) (PEG) or non-ionic detergents stabilise
the enzyme [77]. The highest activity of dextransucrase after purification
is obtained by the phase partitioning method using aqueous solutions of
dextran and PEG 6000 [78]. This procedure is simple, inexpensive and less
time-consuming than other purification methods involving ultrafiltration and
chromatography.

For clinical and technical dextran, the partial hydrolysis and further
fractionation of native dextran gives products with the desired molecular
sizes [79, 80]. Variation of the concentration of the hydrochloric or sulfuric
acid, the time and temperature of hydrolysis, and the nature and ratio of the
precipitant (alcohol/water) for phase separation permits the control of the
resultant average molecular weights. Recently, a new fractionation method,
called continuous spin fractionation, was developed to improve the efficiency
of the separation process [81]. The use of spinning nozzles facilitates the
transfer of the soluble, low molecular weight polymer species into the extract-
ing agent to such an extent that successful fractionation becomes possible
even with concentrated polymer solutions. The molecular weight distribution
and therefore the polydispersity can be significantly narrowed. Attractive al-
ternative methods for producing defined dextran fractions include the use
of chain degrading enzymes, dextranases and chain-terminating acceptor
reactions [18, 82].

3.3
Chemical Synthesis of Dextran

Beside the natural fermentation process, dextran can be synthesised chemic-
ally via a cationic ring-opening polymerisation (ROP) of levoglucosan (1,6-
anhydro-β-d-glucose), a pyrolysis product of polyglucans (Fig. 8, [83]).

The polymerisation of 1,6-anhydro-2,3,4-tri-O-benzyl-β-d-glucopyranose
with phosphorous pentafluoride as catalyst under high vacuum and subse-
quent cleavage of the benzyl ether linkage by Birch reduction leads to dex-
trans with Mn 41 800–75 750 g mol–1 [84, 86]. Furthermore, tri-O-methyl- glu-
copyranose and tri-O-ethyl-glucopyranose can serve as monomer but yield
a low molecular weight or rather polydisperse polymer (Table 4). The syn-
thetic dextran has features similar to the natural product concerning solubil-
ity, optical rotation and spectroscopic characteristics. X-ray powder patterns
show higher crystallinity compared to native dextran [87]. A more convenient
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Fig. 8 Synthesis of dextran via a cationic ring-opening polymerisation of 1,6-anhydro-
2,3,4-tri-O-allyl-β-d-glucopyranose (path A) and 1,6-anhydro-2,3,4-tri-O-benzyl-β-d-
glucopyranose (path B) [84, 85]

synthesis strategy is the protection of the relevant hydroxyl groups with al-
lyl ether moieties [85]. After the cationic ROP to the stereoregular polymer of
2,3,4-tri-O-allyl-α-(1,6)-d-glucopyranan, an isomerisation with RhCl(PPh3)3
as catalyst results in propenyl ether groups, which can be cleaved under
acidic conditions. Polymers with a Mn 21 700 g mol–1 and a narrow molecular
weight distribution (Mw/Mn 2.1) were obtained (Table 4).

Table 4 Ring-opening polymerisation of 1,6-anhydro-2,3,4-tri-O-substituted β-d-gluco-
pyranose in CH2Cl2

Monomer a Initiator [I]/[M] b Temp Time Yield Mn
c Mw/Mn Refs.

(◦C) (h) (%) (g mol–1)

Me BF3 ·OEt2 0.030 + 25 157 6 1400 – [84]
Me PF5 0.037 – 28 144 85 19 950 – [84]
Et PF5 0.118 – 78 167 70 14 800 – [84]
Et PF5 0.190 – 78 12 51 47 200 62.5 [84]
Bz PF5 0.202 – 78 87 86 56 100 – [84]
Bz PF5 0.106 – 78 91 95 75 750 – [84]
Allyl BF3 ·OEt2 0.480 0 144 84 21 700 d 2.1 [85]
Allyl CF3SO3CH3 0.480 0 80 25 11 000 d 1.2 [85]

a Substituent of 1,6-anhydro-β-d-glucopyranose
b Molar ratio of monomer (M) to initiator (I)
c Determined by membrane osmometry in toluene
d Determined by SEC in CHCl3
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3.4
Application of Dextran

Clinical grade dextran with molecular weights of 40 000, 60 000 and 70 000
g mol–1 (designated dextran 40, 60 and 70) in 6 or 10% aqueous solutions are
at present available for replacing moderate blood losses [13, 45]. The poly-
mer essentially substitutes blood proteins, e.g. albumins, in providing colloid
osmotic pressure to pull fluid from the interstitial space into the plasma. Be-
cause of the low antigenicity and high water solubility, dextran produced by
Lm NRRL B-512(F) is the material of choice for clinical dextran. Further-
more, the high percentage of α-(1 → 6) glycosidic linkages is responsible for
the biological stability in the human bloodstream. The antithrombotic effect
of clinical dextran fractions provides a prophylactic treatment for deep ve-
nous thrombosis and postoperative pulmonary emboli. Dextran 40 has the
special feature of improving the blood flow, presumably caused by reduction
of blood viscosity and inhibition of erythrocyte aggregation. Hypersensitivity
reactions are limited by a preinjection of low molecular weight dextran (Mw
1000 g mol–1) as a monovalent hapten.

Technical dextran fractions are common in various industries [67, 70]. Be-
cause of the narrow molecular weight distribution, specific fractions are used
as SEC standard for molecular weight determination. Dextran in X-ray and
other photographic emulsions improves the efficiency of silver without loss
of fineness of grain [12]. The polysaccharide is used as an ingredient for
cosmetics and in bakery products due to superior moisturising properties.
Advanced heat shock stability and an increase of the melting temperature can
be observed after addition of native dextran to frozen dairy products [43].
The presence of dextran in aqueous solutions helps to confer a favourable
physiological environment due to the colloid osmotic pressure. Thus, the use
of dextran is a benefit in the preservation of viable organs and as an in-
gredient for ophthalmic formulations such as artificial tears and eye drops.
Dextran is able to prevent protein opsonisation and hence is used for sur-
face modification, e.g. coating of ferrite particles for hyperthermia in cancer
therapy [88–90]. Dextran and PEG are known to separate in water [91]. This
aqueous two-phase system has proved successful for separating mixtures of
biomolecules and subcellular particles, for instance in enzyme-catalysed pep-
tide synthesis [92, 93].

3.4.1
Cross-linked Dextran

Cross-linking can be achieved by physical interactions and chemical re-
actions. Concentrated solutions of low molecular weight dextran (Mw
6000 g mol–1) lead to the formation of hydrogels by crystallisation [51]. Cross-
linking with epichlorhydrin gives commercial products known as Sephadex
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for gel filtration and Debrisan, a wound-cleansing agent that shortens the
healing time [94]. Another matrix for the separation of macromolecules
is Sephacryl, an allyl dextran cross-linked by N,N′-methylene bisacry-
lamide [95, 96]. Furthermore, hydrogels can be obtained by reaction of the
polymer with various bifunctional reagents like diisocyanates and phospho-
rus oxychloride, or by acylation (Sect. 4.2.1), e.g. with methacrylate groups
and subsequent UV irradiation [97–99]. Cross-linking of carboxymethyl dex-
tran (CMD) leads to stimuli-responsive hydrogel membranes (Sect. 5.2.2.6).
In general, dextran hydrogels have received increased attention due to their
biodegradable and biocompatible properties as an efficient matrix system for
industrial polymer separation (gel filtration) [54, 55].

4
Esterification of the Polysaccharide

4.1
Inorganic Esters of Dextran

Among the inorganic esters of dextran, only the sulfuric acid half esters (sul-
fates) and the phosphoric acid esters (phosphates) have gained significant
interest. The introduction of sulfate or phosphate groups leads to polyelec-
trolytes with an improved water solubility, giving aqueous solutions with
defined rheological properties, which are valuable as viscosity-regulating
agents. Nevertheless, the pronounced biological activity is the most import-
ant feature of such dextran derivatives. The anticoagulating properties of
the heparin analogue inorganic dextran esters were revealed as early as the
1940s [100].

4.1.1
Dextran Phosphates

The preparation of dextran phosphate (Fig. 9) is simply achieved by treat-
ment of the polysaccharide with polyphosphoric acid in formamide yielding
products with up to 1.7% phosphorus.

Fig. 9 Preparation of dextran phosphoric acid esters (phosphates) with polyphosphoric
acid
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These pure dextran phosphates exhibit immunostimulatory effects inde-
pendent of the molecular weight. It was shown that the mitogenic response
of murine splenocytes can be enhanced [101]. Moreover, dextran phosphate
(Mw 40 000 g mol–1) increases the survival rate of mice infected with influenza
A2 virus (H2N2). Intraperitoneal administration of dextran phosphate, an
interferon inducer, shows a 1-day delay in the virus growth in lung, and
production of HAI antibody, when compared to the non-treated or dextran-
treated mice as controls. More significant was the 2-day delay in the de-
velopment of lung consolidation, which led to 40% survival of the treated
mice [102].

4.1.1.1
Palmitoyldextran Phosphates

Dextran phosphates with additional long chain aliphatic ester functions such
as palmitoyldextran phosphates exhibit antitumour activity (Fig. 10).

A growth regression of Sarcoma 183 ascites tumour up to 82% is de-
scribed [103]. Comparable results were obtained for dextran modified
by palmitoylation and/or phosphorylation, which yields three derivatives,
i.e. palmitoyldextran phosphate, dextran phosphate and palmitoyldextran.
Of these compounds, only palmitoyldextran phosphate showed a growth-
inhibitory effect on Ehrlich solid tumour in mice. In combination therapy
with mitomycin C, bleomycin, cyclophosphamide and 5-fluorouracil, palmi-
toyldextran phosphate manifested strong synergistic effects in case of Sar-
coma 180 ascites and L1210 leukemic tumours. The compound is not directly
cytocidal to Sarcoma 180 ascites tumour, but it appears to act via activa-
tion of peritoneal macrophage. The antitumour activity of palmitoyldex-
tran phosphate apparently is mainly due to immunological host-mediated
mechanisms [104].

In addition, esters of dextran-bearing palmitoyl groups and phosphate
functions can be used for the preparation of specifically modified liposomes,
which are exploited for the entrapment of peptides such as hirudin, the most
potent inhibitor of thrombin [105].

Fig. 10 Typical structural element of palmitoyldextran phosphates
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4.1.2
Dextran Sulfuric Acid Half Esters (Dextran Sulfates)

In contrast to dextran phosphate, which is only of scientific interest up to
now, the dextran sulfuric acid half ester and its sodium salt, usually simple
referred to as dextran sulfate, is a commercially available product today. Its
high purity, water solubility and reproducible quality commend it for many
applications in molecular biology and the health care sector.

Different approaches for the synthesis of dextran sulfates are known [106].
First attempts exploited treatment of the polysaccharide with concentrated
or slightly diluted H2SO4 in order to achieve sulfation. A remarkable de-
polymerisation occurs under these conditions. H2SO4 can also be applied in
combination with alkyl alcohols yielding alkyl sulfates as reactive species.
Here the polymer degradation is comparably low. Powerful sulfating agents
are chlorosulfonic acid and sulfur trioxide [107, 108]. A major drawback of
these reagents is the sensitivity against moisture. Both compounds strongly
react with water. A convenient method to reduce the risk during synthesis is
the application of the complexes of ClSO3H and SO3 with organic bases, e.g.
triethylamine (TEA) and pyridine (Py) or aprotic dipolar solvents, e.g. N,N-
dimethylformamide (DMF, Fig. 11). The commercially available SO3-DMF-
and SO3-Py complexes are white solids that are easy to use. Homogeneous
reactions of dextran with these complexes are established methods [109].

A remarkable new method for the conversion of dextran and dextran
derivatives, mainly towards mimetics of heparan sulfate uses comparable sul-
fation but applies 2-methyl-2-butene (2M2B) as an acid scavenger of neutral
character [110]. This procedure shows a more efficient reaction combined
with diminished chain degradation, as can be seen in Table 5. The method
was used for the sulfation of carboxymethylated dextran.

Although sulfation of dextran is an easy synthetic step, most of the stud-
ies directed towards biological activity of dextran sulfate are carried out with
commercially available products. The DS of these derivatives is usually rather
high. The DS of the most widely applied dextran sulfate from Sigma is 2.3.
A typical 13C NMR spectrum of a commercial dextran sulfate is shown in
Fig. 12. The spectrum confirms the high degree of sulfation and reveals com-

Fig. 11 Preparation of dextran sulfuric acid halfesters with N,N ′-dimethylformamide
(DMF)-SO3 complex
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Table 5 Results for the sulfation of carboxymethyl dextran with different sulfating
agents applying 2-methyl-2-butene (2M2B) as an acid scavenger (reaction temperature
30 ◦C, [110])

Sulfating agent Molar ratio DSCM DSS Reducing sugars
reagent/AGU (nmol Glu mg–1)

ClSO3H 2 : 1 a 0.37 0.35 12.71
SO3-Me3N 2 : 1 0.49 0.05 1.98
SO3-Et3N 2 : 1 0.29 0.40 2.61
SO3-pyridine 2 : 1 0.44 0.17 1.84
SO3-DMF 2 : 1 0.37 0.23 1.57
SO3-DMF/2M2B 2 : 1 0.56 0.42 0.82
SO3-DMF/2M2B 3 : 1 0.57 1.00 0.71
SO3-DMF/2M2B 5 : 1 0.55 1.20 0.50

a At 22 ◦C

Fig. 12 Typical 13C NMR spectrum of a commercial dextran sulphate; ′ indicates function-
alisation at the corresponding position, ′′ indicates sulfation at the neighbouring position,
b indicates a C-atom of a branching structure, X corresponds to a signal caused by a 1,3
branching and substitution at C2 and C4 or a 1,2 branching and substitution at C3

plete functionalisation of position 2. The molecular weight of the commercial
dextran sulfates is in the range 5000 to 500 000 g mol–1. Besides the use of dex-
tran sulfates with different Mw, the DS and the structure of the derivatives
have not usually been considered in most of the studies discussed below.
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4.1.2.1
Bioactivity

Both pure dextran sulfates and mixed derivatives of dextran containing sul-
fate groups exhibit a broad spectrum of biological activities. The structural
features of so-called mimetics of heparan sulfate are discussed in Sect. 5.2.2.1.
The pure dextran sulfates used are almost exclusively commercial products
with DS values above 2.0.

Among the first biological effects recognised for dextran sulfate was
the anticoagulating activity [100, 111]. Thus, dextran sulfates with different
molecular weight (7000 up to 458 000 g mol–1) have been tested as poten-
tial substitutes for heparin in anticoagulant therapy, showing that prod-
ucts with the lowest molecular weight display the highest anticoagulating
properties [112–116]. Investigations on sulfates of cellulose and dextran sug-
gest that the anticoagulant activities of these compounds are at least par-
tially mediated through antithrombin III [117]. However, at best this is only
15% of heparin’s activity. Nevertheless, the dextran derivative can be applied
as mimic or substitute for heparan sulfate for specific interactions. For in-
stance, it was shown that it protects the kidney against endothelial damage
in a model of thrombotic microangiopathy [118]. The beneficial effect of dex-
tran sulfate could be attributed to its ability to protect endothelial cells from
coagulation and complement activation, i.e. it acts as a “repair coat” of in-
jured glomerular endothelium.

It is also a well established fact that dextran sulfate modulates the
immune response with effects on macrophages [119], proliferation of
B-lymphocytes [120], and helper T-lymphocytes [121]. It has been impli-
cated as an activator of C3 via the alternative pathway of complement [122].
Numerous reports claim that dextran sulfate is a potent inhibitor of hu-
man immunodeficiency virus (HIV), Herpes simplex virus (HSV) and other
pathogens [123–125].

Comparison of the activity of sulfated homopolysaccharides such as dex-
tran and cellulose esters with that of neutral homopolysaccharides and sul-
fated heteropolysaccharides such as heparin and heparan sulfuric acid half
esters shows potent virucidal activity against human T-cell lymphotropic
virus type III (HTLV-III) for the sulfated homopolysaccharides. In contrast,
neutral homopolysaccharides have no effect and sulfated heteropolysaccha-
rides exhibit only a little effect on HTLV-III activities. This suggests that the
sulfate moiety and the type of polysaccharide are most important in inhibit-
ing growth of HTLV-III [126].

In vitro studies have shown that dextran sulfate inhibits HIV binding,
replication and syncytium formation, probably because they interfere with
the ionic interaction between cell surface components such as CD4 or sulfated
polysaccharides and positively charged amino acids concentrated in the V3
region of HIV gp120 [127–129]. Again, low molecular weight derivatives with
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Mw < 10 000 g mol–1 are the most efficient [130]. Dextran sulfate was shown to
be a potent inhibitor of, e.g. HSV infectivity in vitro (Table 6, [131]).

In contrast, it has not been possible to provide any protection in murine
models of HSV infection. In addition, it was found in preclinical trials that
dextran sulfate administered orally [132] and intravenously [133] did not
lead to a decrease in circulating HIV antigen. Reasons may be the poor ab-
sorption of the polysaccharide derivative from the intestine and desulfation
processes [134, 135]. Nevertheless, the treatment with dextran sulfate and
derivatives of dextran sulfate of optimised DS for short intervals using high
dosages may overcome these problems. In this case, the sulfated polysaccha-
ride is not substantially endocytosed or degraded by cell receptor binding in
the mammal and thereby retains antiviral activity in vivo [136]. Additionally,
the combination of azidothymidine (AZT), which has shown promise in pro-
longing life in patients with AIDS but exhibits significant blood toxicities, and
dextran sulfate leads to a higher effectivity than either alone [137].

Recent research and development are also concentrated on the cancero-
static effects of dextran sulfate. A number of mechanisms for this specific bi-
ological interaction were established. Previous studies centre on the ability of
dextran sulfate to reduce peritoneal- [138] and pulmonary metastasis [139].
These studies used derivatives of both low (7000 g mol–1) and high molecu-
lar weight (500 000 g mol–1) to reduce adherence of melanoma or lung tumour
cells to endothelium of lung and peritoneum. The dextran sulfate was not
toxic to cancer cells, therefore the anti-metastatic capacities were thought to
be due to the polyanionic nature of the polymer. It was suggested that the dex-
tran sulfate binding to both tumour and endothelial cells rendered them more
negatively charged. This increasing electrostatic repulsion altered the adhe-
siveness between the tumour cells and the vascular endothelium. The altered
adhesion properties were thought to reduce or inhibit the settlement of the
tumour cells in the capillaries of organs, resulting in a subsequent reduction

Table 6 Infectivity of HSV-1 (Herpes simplex virus) and HSV-2 strains pretreated with
different concentrations of dextran sulfate for 1 h at 37 ◦C

Concentration Plaque forming unit (% of control) for
(nM) HSV-1 (F) a HSV-2 (22) a

0.10 88.4±23.7 b 69.2±1.4
0.25 72.6±30.2 63.1±6.2
0.50 58.8±21.2 55.2±3.1
1.00 49.3±22.7 43.5±3.1

10.00 15.6±9.1 3.2±1.5
50.00 0 0

a Wild-type strain
b Results are the mean (± the SD) of four independent experiments
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in metastasis. Recent findings show that the ability of dextran sulfate to com-
pletely inhibit hyaluronidase needs to be invoked [140, 141]. Hyaluronidases
have been previously implicated in tumour progression and metastasis. The
ability of the dextran derivative to inhibit enzymatic degradation of hyaluro-
nan into biologically active fragments was documented. Consequently, the
finding of reduced metastasis after intravenous or intraperitoneal admin-
istration of dextran sulfate could be easily attributed to the hyaluronidase
inhibitory action as well as an anti-adhesive mechanism of action caused by
the polyelectrolyte.

Interestingly, the polysaccharide sulfate is also considered as an antiscapie
drug [142]. Thus, it was included in an experimental setting studying the
mode and the site of action of the major antiscrapie drugs, investigating their
effects on the abnormal protease-resistant isoform of a host-encoded protein
(PrPres) and on its accumulation in mouse spleen. Dextran sulfate delayed the
beginning of the clearance phase but then blocked PrPres synthesis for a long
period of time, probably because of its immunological effects on the spleen.

Although dextran sulfate exhibits such promising biological properties its
application is limited because of various side effects. In early studies, clinical
trials were discouraging with reports of, inter alia, stiff and painful joints and
loss of hair [143]. Likewise chronic toxicity studies revealed retardation in
weight gain and osteoporosis [133, 144]. More serious is the fact that dextran
sulfate may cause colitis. Today, treatment of mice with the polysaccharide es-
ter has even become a standard method to experimentally induce colitis. It
is used both to study the mechanism of inflammatory reactions and to eluci-
date the reasons for colonic cancer. Thus, in recent investigations the “dextran
sulfate-induced colitis” was induced by oral administration for 3 and 7 days to
clarify the microvascular changes and the effector sites of lansoprazole during
the formation of colitis [145]. Moreover, changes in expression or a redistri-
bution of intercellular tight junction proteins were investigated using acute
and chronic dextran sulfate-induced colitis in mice [146]. In acute inflam-
mation, the changes are more pronounced than in chronic inflammation. In
addition, studies applying dextran sulfate-induced colitis in mice have sug-
gested that the enhanced release of reactive oxygen species plays an important
role in the pathogenesis of inflammatory bowel disease, such as ulcerative col-
itis and Crohn’s disease. It was shown that free radical scavengers (edaravone
and tempol) suppressed the colonic shortening and the damage score. A clin-
ical effect for edaravone and tempol in inflammatory bowel disease patients is
strongly expected [147].

4.1.2.2
Dextran Sulfates in Supramolecular Assemblies

Besides the bioactivity, dextran sulfate was studied for a broad variety of
applications using its polyelectrolyte nature and its ability to form polyelec-
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trolyte complexes (PEC) with polycations such as chitosan. The process is
based on the sequential deposition of interactive polymers from their solu-
tions by electrostatic, van der Waals, hydrogen bonding and charge trans-
fer interactions [148]. These interactions can be applied to create layer-by-
layer (LbL, Fig. 13) assemblies of functional material surfaces with defined
biodegradability or bioactivity.

Alternate anti-vs procoagulant activity of human whole blood on a LbL as-
sembly between chitosan and dextran sulfate has been achieved [149, 150].
Furthermore, the technique permits the formation of biodegradable nano-
structures with nanometer-order thickness on surfaces, which is an im-
portant requirement for biomedical applications. The alternating enzymatic
hydrolysis of a LbL assembly formed from chitosan and dextran sulfate by
chitosanase was demonstrated via measurements with a quartz crystal mi-
crobalance (QCM) [151]. The hydrolysis of the assembly was clearly depen-
dent on the surface component. The hydrolysis of the assembly with the
dextran sulfate surface was saturated within 10 min and was much faster than
the hydrolysis of the assembly with the chitosan surface, although chitosanase
can hydrolyse chitosan (Fig. 14).

Fig. 13 Polyelectrolyte complex formed by layer-by-layer assembly of dextran sulfate and
chitosan

Fig. 14 Enzymatic hydrolysis with chitosanase of (a) the layer-by-layer (LbL) assembly of
dextran sulfate/chitosan (five steps, total thickness 22 nm) with a chitosan surface and
(b) a comparable LbL assembly (dextran sulfate/chitosan, six steps, total thickness 55 nm)
with a dextran sulfate surface



Functional Polymers Based on Dextran 225

This unique hydrolysis may appear from the electrostatic condensation of
the enzyme with its cationic surface on the outermost surface of dextran sul-
fate, leading to subsequent hydrolysis of chitosan in the underlayer of the
assembly.

In addition, the complexes based on the system dextran sulfate/chitosan
show remarkable pH selectivity. Complex gels with approximately equivalent
concentrations of amino and sulfate groups are highly sensitive to the change
in external pH in a narrow range. The maximum volume of the complex gel
was observed at pH 10.5 and was approximately 300 times as large as the ini-
tial one. Compared with the swelling behaviour of a complex gel prepared
from carrageenan, it seems to be the high density of the ionisable functional
groups, as well as the flexibility of acidic polymer chains, which contribute to
the high pH sensitivity [152].

The strong interaction of dextran sulfates with cationic functions in porous
support materials is exploited to create new highly charged surfaces for ad-
sorption of proteins. It was revealed that new and strong ionic exchange
resins are accessible by simple and rapid deposition of dextran sulfates on
commercial DEAE- or MANAE-agarose. The material is characterised by an
increased charge density on the porous surface of the support, which can
perfectly bind protein material, as demonstrated in Fig. 15 [153].

PEC can adsorb the majority (80%) of the proteins contained in crude ex-
tracts from Escherichia coli and Acetobacter turbidans at pH 7 and can be
used to immobilise industrially relevant enzymes, e.g. Candida antarctica
A and B with very high activity recoveries and immobilisation rates. In con-
trast to covalent binding, the proteins can be recovered and do not undergo
irreversible structural alteration.

A comparable strategy is applied to obtain compounds with a pronounced
biological selectivity. By treatment of a porous NH3

+-containing polypropy-
lene membrane with the sulfate of dextran, a material for convenient removal

Fig. 15 Strong and non-distorting reversible binding of enzymes on polyelectrolyte com-
plexes [153]
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of HIV and related substances from blood, plasma or other body fluids is ob-
tained. Filtration of HIV-containing human plasma results in 99.2% removal
of HIV [154].

The “chitosan-dextran sulphate PEC” is widely used for the preparation of
colloidal systems as well. Slow drop-wise addition of the components is gen-
erally used for the formation of PECs, which allows elaborating both cationic
and anionic particles with an excess of chitosan or dextran sulfate, respec-
tively. The PEC particles show a core/shell structure. The hydrophobic core
results from the segregation of complexed segments, whereas excess com-
ponent in the outer shell ensured the colloidal stabilisation against further
coagulation. Considering the host/guest concept for the formation of PECs,
the influence of the molecular weight of components on particle sizes could
be well explained by the chain length ratios of the two polymers and is
schematically demonstrated in Fig. 16.

Fig. 16 Preparation of differently charged microparticles, dependent on the chain length
of the polymers applied [155]
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As an irreversible flocculation occurred with a drop-wise approach for
both cationic and anionic PEC particles when the mixing ratio was close to
unity, a more versatile and simpler method was found to be the one-shot add-
ition of one solution to the other. Characterisation of particles obtained via
this path revealed very similar properties to those obtained by a slow drop-
wise approach [155].

Polyelectrolyte multilayer microspheres, prepared by alternating adsorp-
tion of dextran sulfate and protamine on melamine formaldehyde cores fol-
lowed by the partial decomposition of the core, were used to immobilise
the peroxidase and glucose oxidase. Retention of enzymic activity of the
peroxidase/glucose oxidase system incorporated into the microspheres was
demonstrated. These bienzyme system immobilised in the microspheres can
be applied for kinetic glucose assays [156].

Highly engineered nanoparticles containing dextran sulfate are prepared
for applications in the field of medical diagnostics, e.g. beginning atheroscle-
rosis, which is an inflammatory disease of the arterial walls. A targeted mag-
netic resonance imaging (MRI) contrast agent for in vivo imaging of early
stage atherosclerosis was designed. Early plaque development is characterised
by the influx of macrophages, which expresses a class of surface receptors
known collectively as the scavenger receptors. The macrophage scavenger re-
ceptor class A (SRA) is highly expressed during early atherosclerosis. The
macrophage SRA therefore presents itself as an ideal target for labelling of
lesion formation. By coupling a known ligand for the scavenger receptor (dex-
tran sulfate) to a MRI contrast agent, early plaque formation can be detected
in vivo [157].

It should be mentioned that the defined interaction of dextran sulfate with
amino functions is not only applied for the design of structures on the su-
permolecular level but also on the molecular level. Thus, a preferred handed
helical structure was induced into the polyaniline main chains by chemical
polymerisation of achiral aniline in the presence of dextran sulfate as a mo-
lecular template. This affords a novel chemical route for the synthesis of chiral
conducting polymers [158].

4.2
Organic Esters of Dextran

In contrast to the broad variety of applications of 1 → 4 and 1 → 3 linked
glucans after reaction with (C2 to C4) carboxylic acid anhydrides and chlo-
rides [159], the use of dextran esters of short chain aliphatic acids such as
acetates or propionates is rather limited. According to the present knowledge,
the commonly applied acetylation of polysaccharides with the acetic acid an-
hydrides or acetyl chlorides in the presence of triethylamine or pyridine as
base does not lead to pure and soluble dextran acetate with significant DS
values. In contrast, dextran propionates [160] and butyrates [161] can be
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easily prepared in heterogeneous reactions of the polymer suspended in pyri-
dine using the carboxylic acid anhydride. The acylation of dextran yields
derivatives with defined hydrophobic character. Thus, the solubility of dex-
tran esters in water varies with the DS and the chain length of the substituent.
It was shown that the maximum DS values while maintaining water solu-
bility are 0.26 for C6 carboxylic acid esters and 0.50 for C4 carboxylic acid
esters of dextran [162]. These values are comparable with data for solubil-
ity of ethyl (DS 0.81) and butyl (DS 0.69) carbonate substituted dextran [163].
Such hydrophobically modified dextran derivatives form aqueous biphase
systems in combination with dextran [162] or with PEG [164, 165], which
are exploited for the separation of biological material. Using dextran esters
with C3, C4 and C6 acid groups, a family of biphase systems is accessible
by varying the properties of the hydrophobically modified dextran. This ap-
proach allows control of the phase boundary defining the onset of biphase
formation as well as the solvency properties of the more hydrophobic phase.
Dextran esters of aliphatic carboxylic acids are also exploited for pharmaceu-
tical coatings [166].

Acylation reactions of dextran in combination with NMR spectroscopy are
tools for the elucidation of the reactivity of dextran [30, 161, 167] and for the
analysis of structural features of the polymers. The acetyl group distribution
in the Glcp units in acetylated amylose, dextran and cellulose was studied by
1H and 13C NMR spectroscopy. It was concluded that the reactivity of OH
groups decreased in the order C2 > C3 > C4 for dextran.

Subsequent conversion of dextran derivatives with acetic acid or propionic
acid anhydride is an effective method for revealing structural features on the
molecular level. This is illustrated on a dextran propionate (Mw 5430 g mol–1)
which can be completely acetylated with acetic anhydride/pyridine in a sepa-
rate step yielding a peracetylated sample (dextran propionate acetate, DPA).
The assignment of the chemical shifts of DPA is carried out via 2D NMR
(Fig. 17).

DSProp can be determined precisely from highly resolved polymer-1H
NMR spectra using the spectral integrals of the anhydroglucose unit’s (AGU)
proton region at 3.1–5.3 ppm and the integrals of the acetyl proton signals at
1.8–2.1 ppm. The appearance of three signals for the acetyl protons and the
complexity of the COSY signals for H2, H3 and H4 suggest a statistic pattern
of propionylation.

The introduction of longer aliphatic acids can also be achieved by acyla-
tion with the so-called impeller method. The carboxylic acids or their an-
hydrides are converted in situ to reactive mixtures of symmetric and mixed
anhydrides (Fig. 18).

Chloroacetyl, methoxyacetyl and most importantly trifluoroacetyl moi-
eties are used as impellers. Carboxylic acid esters of polysaccharides with
almost complete functionalisation can be obtained. Thus, chloroform-soluble
dextran stearates and dextran myristates with DS 2.9 are prepared by
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Fig. 17 1H, 1H-COSY NMR spectrum (in CDCl3) of a dextran acetate propionate
(DSProp 1.70) [160]

Fig. 18 Formation of mixed anhydrides during esterification of dextran using the impeller
method

treating dextran in chloroacetic anhydride with the corresponding acids
at 70 ◦C for 1 h. The presence of magnesium perchlorate as catalyst is
necessary [168].
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4.2.1
Homogeneous Esterification Reactions

Dextran usually dissolves in water, DMSO, DMA/LiCl, DMF/LiCl, formamid,
aqueous urea and glycerin. The solubility may be restricted by a high crys-
tallinity of the polymer (Sect. 2.3). The most versatile solvents for homo-
geneous acylation reactions are DMSO or mixtures of a polar aprotic solvent
and a salt. The broadest application found the combination of substituted
amide with LiCl. Thus, dextran dissolves easily in the mixture DMF/LiCl upon
heating to 90–100 ◦C. This solvent can be exploited for the esterification of
dextran as displayed in Fig. 19.

Fig. 19 Dextran esters synthesised homogeneously in DMF/LiCl [169, 170]

Conversion of dextran in DMF/LiCl with succinic anhydride is a popu-
lar method for the introduction of spacer-bound large molecules [171, 172].
Moreover, homogeneous esterification is exploited for the binding of bioac-
tive compounds yielding prodrugs and for the introduction of unsaturated
moieties giving precursors for hydrogels as discussed in the next sections.

4.2.1.1
Hydrogels Based on Unsaturated Dextran Esters

Hydrogels prepared via homogeneous esterification of dextran with unsat-
urated carboxylic acids are advanced polysaccharide-based products useful
for drug delivery systems and protective encapsulants, e.g. of viruses used
in gene therapy [173]. Very promising in this regard is the dextran maleic
acid monoester [174], which can be obtained by conversion of dextran in
DMF/LiCl with the maleic anhydride in the presence of TEA. The DS of the
products can be easily controlled with the amount of anhydride applied but
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is also influenced by temperature, amount of catalyst and reaction time, as
displayed in Table 7.

The dextran maleates are easily soluble in various common organic sol-
vents such as DMSO, DMF, N-methyl-2-pyrrolidone (NMP) and DMA. The
hydrogels are manufactured by irradiation of dextran maleate with long-wave
UV light (365 nm). The minimum DS required for proper UV cross-linking of
the derivatives is 0.60. The hydrogels show a high swelling capacity (swelling
ratio up to 1489% at pH 7) depending on DS and the pH of the medium,
i.e. highest swelling ratio in neutral pH, followed by acidic (pH 3) and al-
kaline conditions (pH 10). The swelling ratio increases with increasing DS.
The surface and interior structure of a dextran methacrylate hydrogel (DS
values up to 0.75), prepared in a comparable manner (Fig. 20), is investigated

Table 7 Influence of the temperature, reaction time and amount of maleic anhydride
on the degree of substitution for the esterification of dextran in DMF/LiCl with maleic
anhydride

Temp. Time Molar ratio a DS
(◦C) (h)

20 20 1 : 1.0 0.30
40 20 1 : 1.0 0.51
60 20 1 : 1.0 0.99
60 1 1 : 1.0 0.36
60 5 1 : 1.0 0.57
60 10 1 : 1.0 0.84
60 20 1 : 1.0 0.99
60 8 1 : 0.5 0.60
60 8 1 : 1.0 0.90
60 8 1 : 2.0 1.47
60 8 1 : 3.0 1.53

a Mol OH group of dextran/mol maleic anhydride

Fig. 20 Synthesis of dextran methacrylate usable for the formation of hydrogels after
photo-initiated cross-linking [175]
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Fig. 21 Three-dimensional porous structure of a dextran methacrylate hydrogel observed
by means of SEM

by means of SEM after application of special cryofixation and cryofracturing
techniques.

A unique 3D porous structure is observed in the swollen hydrogel (Fig. 21),
which is not determined in the unswollen state. Different pore sizes and
morphologies between the surface and the interior of swollen hydrogels are
visible [175].

Transparent hydrogels useful for adhesion inhibitors, tissue adhesives,
wound dressings, hemostatics and embolisation materials are obtained from
dextran methacrylates via polymerisation with N-isopropylacrylamide in
DMSO in the presence of azobisisobutyronitrile [176]. A broad variety of new
hydrogels with different sensitivities and tunable degradation behaviour is
accessible by grafting l-lactide onto 2-hydroxyethyl methacrylate (HEMA)
and binding this polymerisable group on dextran via activation with N,N′-
carbonyldiimidazole (CDI, Sect. 4.2.2) [177].

4.2.2
Synthesis of Dextran Esters with Bioactive Moieties (Prodrugs)
via In Situ Activation Reactions

The majority of acylation reactions on dextran are exploited to prepare com-
plex esters of the polymer such as fluorescent-labelled dextran or polymers
forming defined superstructures. By far the most important class of esters in
this regard are still conjugates, i.e. dextran coupled to drugs, proteins, or hor-
mones [178, 179]. Conjugation to dextran may overcome many problems in
drug design including limited solubility of the drugs, short plasma half life,
toxicity of the drugs and unspecific interaction with tissue [8]. In addition,
binding of pharmaceutical products to the polymer can lead to controlled-
release compounds. Polysaccharide esters are well suited for this concept
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because of the ease of deesterification by simple hydrolysis or enzymatic at-
tack. A broad variety of drugs can be bound yielding so-called prodrugs,
which represents a rapidly growing field of pharmaceutical research. The
polysaccharide of choice is almost exclusively dextran to give water-soluble
prodrugs.

For the introduction of such complex and sensitive functions, the het-
erogeneous conversion applying carboxylic acid anhydrides or chlorides is
not appropriate. A number of new synthesis paths for the defined, homo-
geneous conversion of dextran to its carboxylic acid esters were therefore
developed. Reaction of dextran with carboxylic acids after in situ activation is
the most important path among the new synthesis tools for the defined esteri-
fication of dextran with complex and sensitive acids. The most popular in situ
activating reagents exploited are sulfonic acid chlorides, reagents of the di-
alkylcarbodiimide type and N,N′-carbonyldiimidazole. Besides basic results
for these synthesis paths, a selection of results for the preparation of prodrugs
is included in this section to show its usefulness.

4.2.2.1
Activation of Carboxylic Acids with Sulfonic Acid Chlorides

Via the in situ activation, applying sulfonic acid chlorides, covalent bind-
ing of bioactive molecules onto dextran was achieved by esterification of the
polymer with α-naphthylacetic acid (1), nicotinic acid (2) and naproxen (3)
homogeneously in DMF/LiCl using p-toluenesulfonyl chloride (tosyl chloride,
TosCl) or methanesulfonic acid chloride (mesyl chloride, MesCl) and pyri-
dine within 22 h at 30–70 ◦C (Fig. 22).

Fig. 22 Schematic plot for the esterification of dextran with α-naphthylacetic acid (1),
nicotinic acid (2), and naproxen (3) via in situ activation of carboxylic acids with
p-toluenesulfonyl chloride (TosCl)
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Both the temperature and the concentration of pyridine as well as the type
of sulfonic acid chloride show an influence on the reaction, as displayed in
Table 8 [180]. The esterification is even possible without the base.

13C NMR spectra of partially modified dextran with α-naphthylacetate
moieties show that the reactivity of the individual hydroxyl groups decreases
in the order C2 > C4 > C3. A mechanism for the reaction is suggested, which
includes formation of an acylium complex as observed for the reaction with
acid chlorides (Fig. 23).

These findings support the NMR results for the acylation with acyl chlo-
rides, i.e. the in situ activation with sulfonic acid chloride succeeds mainly
via intermediately formed acyl chlorides of the carboxylic acids [180]. The
binding of naproxen is a nice example for the preparation of prodrugs as
a valuable approach for the transportation of lipophilic agents in a biological
environment [45, 178]. The water solubility of naproxen bound to dextran ex-
ceeds that of the acid form of the drug by 500 times. Participation of specific
acid–base catalysis in the hydrolysis of the ester in aqueous buffer solutions
at 60 ◦C is observed. An almost identical degradation rate is obtained for
the ester in 80% human plasma, excluding catalysis of hydrolysis by plasma

Table 8 Influence of the concentration of pyridine [Py], the reaction temperature, and
type of sulfonic acid chloride applied for the esterification of dextran (0.12 mol L–1) in
DMF/LiCl with α-naphthylacetic acid (0.37 mol L–1) for 22 h

Conditions Product
[Py] Temp. Sulfonic acid chloride DS
(mol L–1) (◦C)

– 50 TosCl 0.13
0.37 50 TosCl 0.15
0.74 50 TosCl 0.19
1.48 50 TosCl 0.23
0.74 30 TosCl 0.13
0.74 60 TosCl 0.22
0.74 70 TosCl 0.23
0.74 50 MesCl 0.18

Fig. 23 Formation of an acylium complex
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enzymes [181, 182]. In the same manner, dextran esters of ketoprofen, di-
clofenac, ibuprofen and fenoprofen can be studied showing that the dextran
ester prodrug approach provides selective colon delivery systems of drugs
possessing a carboxylic acid functional group [183, 184]. The introduction of
N-acylamino acid into the dextran backbone is achievable in the same man-
ner [185, 186].

4.2.2.2
Dialkylcarbodiimide-Type Coupling Reagents

Coupling reagents of the dialkylcarbodiimide type are most frequently
utilised for the esterification of polysaccharides with complex carboxylic
acids [179]. The best known condensation agent of this class, particularly
in peptide and protein chemistry, is N,N′-dicyclohexylcarbodiimide (DCC,
Fig. 24) [187].

These reagents have a number of drawbacks. First of all, they are toxic es-
pecially via contact with skin. The LD50 (dermal, rat) of DCC is 71 mg kg–1.
This should always be considered if the reaction is used for the prepar-
ation of materials for biological applications. Moreover, the N,N′-dialkylurea
formed during the reaction is hard to remove from the polymer except for
preparation in DMF and DMSO, where it can be filtered off. In case of es-
terification of polysaccharides in DMSO in the presence of these reagents,
oxidation of hydroxyl functions may occur due to a Moffatt type reaction
(Fig. 25, [188]). The oxidation products formed can be detected with the aid
of 2,4-dinitrophenylhydrazine, e.g. in case of the conversion of dextran with
DCC in DMSO [189].

Moreover during the reaction, decomposition of DMSO to dimethylsulfide
occurs resulting in a pungent odour. The treatment with DCC may also lead
to the formation of isourea ethers according to reaction shown in Fig. 26.

Fig. 24 Esterification of a polysaccharide with carboxylic acid in situ activated with N,N ′-
dicyclohexylcarbodiimide (DCC)
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Fig. 25 Moffatt reaction at a non-reducing terminal glucose unit in dextran

Fig. 26 Formation of isourea ethers as a side reaction during conversion of dextran using
DCC as coupling reagent

Nevertheless, the reagent is still used for a large number of esterifica-
tion reactions of dextran. The synthesis of dextran amino acid esters is
achieved by conversion of the polysaccharide in DMSO with the N-ben-
zyloxycarbonyl protected acids for 48 h at 20 ◦C using DCC and pyridine.
O-(N-Benzyloxycarbonylglycyl)dextran with DS 1.1, O-(N-benzyloxycarbo-
nyl-aminoenanthyl) dextran with DS 2.2, and O-(N-acetyl-l-histidinyl)dex-
tran with DS 1.1 are accessible. Deprotection was achieved with oxalic acid
and Pd/C [190, 191].

Functionalisation with bulky hydrophobic carboxylic acids/DCC was
studied for the synthesis of amphiphilic polymers based on dextran. Bile acid
is covalently bound to dextran (Fig. 27) through ester linkage in the presence
of DCC/DMAP (added in dichloromethane) as coupling reagent.

A homogeneous reaction occurs if the mixture DMF/formamide is used
as solvent. The amount of bound acid (determined by UV/Vis spectroscopy)
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Fig. 27 Synthesis of bile acid esters of dextran using DCC

is in the range from 10.8 to 11.4 mol % [192, 193]. A prodrug accessible via
in situ activation of the carboxylic acids with DCC is the metronidazole
monosuccinate ester of dextran synthesised in DMSO or DMF using TEA as
base (Fig. 28, [194]).

The hydrolysis of the dextran metronidazole succinate over the pH range
7.4–9.2 at 37 ◦C can be determined with high-performance size exclusion
chromatography showing slower release compared to other prodrugs such
as the dextran cromoglycate (see below). Interestingly, an intramolecularly
catalysed hydrolysis by the neighbouring dextran hydroxyl groups is ob-
served [195]. Metronidazole can also be covalently bound with maleic and
glutaric acid. For the dextran metronidazole esters, in which succinic and glu-
taric acids are incorporated as spacers, the decomposition proceeds through
parallel formation of metronidazole and the monoester derivative, as can be
demonstrated by reversed-phase HPLC and SEC. Almost identical stability of
the individual esters is obtained after incubation in 0.05 M phosphate buffer
pH 7.40 and in 80% human plasma, revealing that the hydrolysis in plasma
proceeds without enzymic catalysis. The half-lives of the modified dextran
derived from maleic, succinic and glutaric acids are 1.5, 32.1 and 50.6 h, re-
spectively [196].

Fig. 28 Structure of dextran monosuccinyl metronidazole
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4.2.2.3
N,N′-Carbonyldiimidazole (CDI) as Esterification Reagent

A method with an enormous potential for dextran modification is the homo-
geneous one-pot synthesis after in situ activation of the carboxylic acids with
CDI, which is a rather well known technique in general organic chemistry and
was published in 1962 [197]. It is especially suitable for the functionalisation
of the biopolymers, because during conversion the reactive imidazolide of
the acid is generated and only CO2 and imidazole are formed as by-products
(Fig. 29).

The reagent and by-products are non-toxic. The imidazole is freely solu-
ble in a broad variety of solvents including water, alcohol, ether, chloroform
and pyridine and can be easily removed. In addition, the pH is not drastically
changed during the conversion, resulting in negligible chain degradation.

In comparison to DCC, the application of CDI is much more efficient,
avoids most of the side reactions and allows the use of DMSO, which repre-
sents a good solvent for most of the complex carboxylic acids. In case of CDI,
no oxidation is observed and no decomposition of the DMSO (no odour of
dimethylsulfide).

Fig. 29 Reaction paths leading exclusively to esterification (path A) or additionally to
cross-linking reactions (path B) under the action of CDI as reagent for dextran esteri-
fication
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The conversion is generally carried out as a one-pot reaction in two stages.
First, the acid is transformed with the CDI to give the imidazolide. The
conversion of the alcohol in the first step is also possible for the esterifi-
cation but yields undesired cross-linking via carbonate formation in case
of a polyol (Fig. 29). The imidazolide of the carboxylic acid should always
be firstly synthesised. Model reactions and NMR spectroscopy (Fig. 30) with
acetic acid confirm that during a treatment at room temperature CDI is con-
sumed completely within 6 h. Thereby, the tendency of cross-linking initiated
by unreacted CDI, which would lead to insoluble products, is avoided.

Basic investigations on conditions for coupling by use of butyric acid
and dextran confirm that the imidazolide is formed within 2 h. The reac-
tion at room temperature for 17 h results in butyrate content of 92% of
the acid applied. Only 0.25% N is found in the product. The solvent has
a pronounced influence; for dextran the solvent of choice is the mixture
formamide/DMF/CH2Cl2 [189]. 4-Pyrrolidinopyridine is used as catalyst in
this process.

Although CDI was applied as early as 1972 as reagent for the esterifica-
tion of starch and dextran, it has only scarcely been used up to now. Its
renaissance during the last few years may be due to the fact that it became
an affordable commercially available product. Among the first attempts for
the esterification of polysaccharides via CDI is the binding of amino acids
onto dextran. Besides CDI, N,N′-(thiocarbonyl)diimidazole can be utilised
to obtain the corresponding imidazolide [198]. The amino acids bound via
this path are glycine, l-leucine, l-phenylalanine, l-histidine and l-alanyl-
l-histidine. They are protected with N-trifluoroacetyl, N-benzyloxycarbonyl

Fig. 30 1H NMR spectroscopic investigation of the in situ activation of acetic acid with
CDI confirming complete consumption of the CDI to the acetyl imidazolide
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Fig. 31 Esterification of dextran with cromoglycic acid using in situ activation with CDI

and 2,4-dinitrophenyl moieties. The protecting groups can be removed after
the esterification of the polysaccharide by hydrolysis or hydrogenation over
Pd catalyst [191].

Cromoglycic acid can be covalently bound to dextran (Fig. 31). The acid
was transferred into the imidazolide with CDI in DMF in the presence of
TEA and 4-N,N-dimethylaminopyridine (DMAP) within 5 h at room tem-
perature. The conversion with dextran dissolved in DMF is achieved within
48 h at room temperature. The procedure gives high yields (up to 50%)
with derivatives containing between 0.8 and 40% (w/w) of the acid (DS can
not be calculated because there is no structural information excluding the
intermolecular esterification of the acid). Comparison with a route involving
chlorination of the free acid in a first step, followed by reaction with dextran
in formamide, results in low yields (1.5%) of an ester containing only 2.5%
(w/w) cromoglycic acid [199].

Studies on the ester of the antiasthmatic drug with dextran indicate that
the cromoglycate is released from the ester with a half-life of 10 h, if the acy-
lation is carried out with the chloride of the drug yielding a loading of 2.5%
(w/w). The product obtained via the imidazolide releases the cromoglycate
(0.8% w/w) with a half-life of 39 min, while another batch containing 40%
(w/w) cromoglycate has a release half-life of 290 min in buffer of pH 7.4 at
37 ◦C [199].

4.2.2.4
Micro- and Nanoparticles Manufactured by Dextran Esterification with CDI

Interestingly, CDI can also be utilised for the introduction of substituents
by inter- or intramolecular coupling of OH moieties of the polysaccharide
via a carbonate function. This synthesis was used to obtain dextran with
2-hydroxyethyl methacrylate moieties (dex-HEMA) and dex-HEMA with lac-
tate spacer functions (Fig. 32). A new class of dextran derivatives (DS < 0.2)
that can be polymerised containing hydrolysable groups is accessible [177].
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Fig. 32 Conversion of dextran with hydroxyethyl methacrylate lactate using CDI yielding
a carbonate-bound ester moiety

These polymerisable dextran derivatives are widely exploited for the pre-
paration of microspheres by water-in-water emulsion polymerisation [200]
or for the production of nanogel usable as carriers for intracellular drug
delivery with tunable degradation properties [201]. Comparable microgels
with a monodisperse size distribution can be obtained using a microfluidic
device [202]. Moreover, thermoresponsive hydrogels [203] or self-exploding
lipid-coated microgels [204] have been prepared.

The CDI method can be exploited for the adjustment of the hydrophilic–
hydrophobic balance, necessary for the formation of polymeric nanoparticles,
in a dialysis process. This balance is achieved by esterification of dextran
with biocompatible propionate and pyroglutamate moieties, leading to highly
functionalised derivatives [34]. The products with DS > 2 can be realised by
setting the molar ratio of the two acids to repeating unit in a one-step pro-
cess or by subsequent propionylation of the remaining hydroxyl groups of
the dextran ester. They form spherical nanoparticles by a simple dialysis pro-
cess [160, 205]. The solvent DMA is slowly exchanged against water, leading to
an arrangement of the hydrophobic moieties inside the core. The adjustment
of the hydrophilic–hydrophobic balance within the dextran molecule is neces-
sary for the formation of polymeric nanoparticles. The size of the particles
can be determined by a particle size distribution analyser (PSDA), dynamic
light scattering (DLS), scanning electron microscopy (SEM) and atomic force
microscopy. A narrow size distribution of the particles is evidenced by PSDA
(Fig. 33).
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Fig. 33 Particle size distribution of perpropionylated dextran furoate pyroglutamate
(DSFur 0.79; DSPyr 1.27) nanoparticles

By varying the character and amount of substituents and the Mw of the
starting dextran, the design of biopolymer nanoparticles of appropriate size
is possible (Table 9). Thus, nanoparticles in the range 90–520 nm are avail-
able.

The high DS avoids the collapse of nanoparticles due to the prevention
of hydrogen bond formation. The nanospheres in the aqueous suspension
do not undergo any morphological changes even after 3 weeks storage. SEM
images in Fig. 34 show the uniformity in size and shape and the stability of se-

Table 9 Mw of dextran, DS of dextran furoate pyroglutamate propionate, and mean diam-
eters of nanoparticles determined by DLS or PSDA

Dextran Dextran ester a Per- Mean diameter
Mw No. DSFur DSPyr DSProp acylation b DLS/PSDA
(g mol–1) (nm)

5400 1 0.79 1.27 – – 520
5400 2 0.79 1.27 – + 500
5400 3 0.12 1.13 – + 460
5400 4 – 0.26 1.70 – 384

18 100 5 – 0.33 2.20 – 413
54 800 6 – 0.26 2.16 – 446
54 800 7 0.22 1.34 – + 260
54 800 8 0.99 0.33 – – 214
54 800 9 0.99 0.33 – + 184
54 800 10 – 1.96 – + 87

a Fur furoate, Pyr pyroglutamate, Prop propionate
b Propionylation of all free hydroxyl and amine moieties after CDI esterification
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Fig. 34 SEM images of dextran ester nanoparticles (Table 9) from: a sample 1, b sample 3,
c sample 4, d sample 4 after 3 weeks storage in water, e sample 7, and f sample 8 (Table 9)
on a mica surface

lected dextran nanoparticles. Defined size adjustment, biocompatibility and
biodegradability are advantageous for immobilisation of hydrophobic drugs
in aqueous systems with subsequent targeting [206].

4.2.2.5
Transesterification

In addition to the conversion of dextran with organic acids after in situ acti-
vation, transesterification is an interesting synthesis tool for the introduction
of sensitive carboxylic acid moieties, which is illustrated for the acrylation
of dextran. Thus, dextran is acylated with vinyl acrylate in the presence of
Proleather FG-F and lipase AY, a protease and lipase from Bacillus sp. and
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Table 10 Ratio of theoretical degree of substitution (DS) versus obtained DS for the
conversion of dextran with vinyl acrylate in the presence of the enzyme Proleather FG-F

DS Efficiency
Theoretical Obtained (%)

0.10 0.072 71.4
0.20 0.151 75.7
0.30 0.224 74.6
0.40 0.315 78.9
0.50 0.370 74.1

Candida rugosa in anhydrous DMSO. Structure analysis by means of NMR
spectroscopy indicates functionalisation of positions 2 and 3 of the AGU in
equal amounts [207]. The efficiency of the reaction and the DS accessible in
the presence of Proleather FG-F is shown in Table 10.

5
Ethers of Dextran

Basically, modification of the dextran backbone by introduction of ether-
type moieties leads to comparatively stable dextran derivatives with altered
physicochemical properties. A summary of etherification reactions used most
frequently for dextran functionalisation is given in Table 11.

The solubility, the hydrophilic–lipophilic balance, the ionic strength and
the resistance against hydrolytic or enzymatic degradation can be tailored
by etherification. The hydrophilic–lipophilic balance is adjustable by cova-
lent attachment of hydrophobic groups, e.g. long alkyl chains or phenoxy
groups and hydrophilic moieties, like hydroxyalkyl, ethyleneglycol or ionic
groups. The amphiphilic ethers have emulsifiying properties and can form
micelles in water usable as surfactans or for the encapsulation of hydropho-
bic material such as drugs. Furthermore, the introduction of ether moieties
onto the polymer background influences the degradation behaviour. The
degradation of ionic dextran derivatives like diethylaminoethyl dextran [253]
or carboxymethyl dextran [254] by α-1-glucosidases proceeds slower than
for the parent dextran. Nevertheless, cross-linked dextran samples are still
degradable by α-1-glucosidases [255, 256]. This approach is applied to the
design of biocompatible and biodegradable hydrogels via etherification. For-
mation of ether bonds is widely exploited for the insertion of spacers usable
for subsequent drug fixation. An appropriate length and chemical structure
of the spacer can control the drug release [178]. Selective multistep function-
alisation including etherification is investigated for the synthesis of heparin
mimetica, which represents a rapidly developing field of research.
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Table 11 Summary of etherification reactions used most frequently for dextran modifica-
tion

Type of Functional group R Refs.
dextran ether

Methyl – CH3 [22, 208–211]
Ethyl – C2H5 [22]
Benzyl – CH2C6H5 [30]
Trityl – C(C6H5)3 [22, 212–214]
Trimethylsilyl – Si(CH3)3 [215–218]
Carboxymethyl – CH2COOH [108, 219–222]
2-Hydroxyethyl – C2H4OH [223, 224]
2-Mercaptoethyl – C2H4SH [225]
2-Cyanoethyl – C2H4CN [226, 227]
2-Hydroxypropyl – CH2CHOHCH3 [224, 228]
2-Hydroxyalkyl – CH2CHOH(CH2)nCH3 [229–231]
2-Hydroxypropyl-3-phenoxy – CH2CHOHCH2OC6H5 [229, 232–235]
3-Chloro-2-hydroxypropyl – CH2CHOHCH2Cl [236–238]
2-Diethylaminoethyl – C2H4N(C2H5)2 [239–244]
3-Amino-2-hydroxypropyl – CH2CHOHCH2NH2 [245]
3-Dimethylalkylammonium- – CH2CHOHCH2N+(CH3)2R [246–250]
2-hydroxypropyl
Polyethyleneglycol cetyl – (CH2CH2O)10C16H33 [251, 252]
Polyethyleneglycol stearyl – (CH2CH2O)10C18H37 [251, 252]

5.1
Non-ionic Dextran Ethers

5.1.1
Alkyl Dextran

Methylation- or combined methylation–ethylation reactions were used for
structure analysis of polysaccharides. The alkylation of dextran can be ap-
plied to the investigation of the branching pattern, i.e. the number and length
of side chains (Sect. 2.2) [22, 23]. The methylation is carried out in liquid
ammonia with sodium iodide and methyl iodide, yielding products that are
soluble in chloroform and tetrachloroethane [257].

Partially methylated dextran was synthesised with dimethyl sulfate in 19%
sodium hydroxide solution (w/v) [208, 209]. Characterisation of the methyl
dextran obtained was carried out by complete hydrolysis and separation of
the mixture of glucose, mono-, di- and tri-O-methylated glucoses by pa-
per chromatography. The mono- and difunctionalised glucose can in turn
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be analysed precisely by GLC. From the portions of 2-O-, 3-O- and 4-O-
methyl-glucopyranose in the hydrolysate with a low degree of substitution
(DS 0.14, only monomethylation was achieved), the initial rate constants were
obtained and the ratios of k2 : k3 : k4 were found to be 8 : 1 : 3.5. This pro-
nounced reactivity of the C2-hydroxyl group in etherification procedures is
also observed for other polysaccharides [258–260]. As an example for the
preparation of an arylether of dextran, the triphenylmethylation (tritylation)
should be mentioned. The regioselectivity of the tritylation reaction is used
for the characterisation of the non-reducing end groups in the polymers.
Tritylation was performed by dissolving dry dextran in formamide, addition
of the triphenylmethyl chloride in pyridine and keeping the temperature at
120 ◦C for 2 h. The degree of tritylation increases as the molecular weight of
dextran decreases [212].

5.1.2
Hydroxyalkyl and Hydroxyalkyl Aryl Ethers of Dextran
as Emulsifying Agents

The conversion of dextran with 1,2-epoxy-3-phenoxypropane, epoxyoctane
or epoxydodecane may be exploited for the preparation of amphiphilic dex-
tran derivatives. Polymeric surfactants prepared by hydrophobic modifica-
tion of polysaccharides have been widely studied, starting with the pio-
neering work of Landoll [261]. Neutral water-soluble polymeric surfactants
can be obtained by reaction of dextran with 1,2-epoxy-3-phenoxypropane in
1 M aqueous NaOH at ambient temperature (Fig. 35, [229, 233]). The num-
ber n of hydrophobic groups per 100 Glcp units varies between 7 and 22
depending on the reaction conditions. 2-Hydroxy-3-phenoxy propyl dextran
ethers (DexP) behave like classical associative polymers in aqueous solu-
tion. In dilute solution, the intrinsic viscosity decreases significantly whereas

Fig. 35 Synthesis of amphiphilic 2-hydroxy-3-phenoxy propyl (DexP), 2-hydroxyoctyl and
2-hydroxydodecyl dextran (DexCn)
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the Huggins coefficient increases with increasing n, interpreted in terms of
hydrophobic interaction between the phenoxy groups. Low solvated coils
and shrunken conformations are formed. At concentrations above 40 g L–1

(DexP15) and 35 g L–1 (DexP22), the reduced viscosity deviates from linear
variation because of intermolecular hydrophobic interactions initiating the
formation of aggregates. The surface-active properties were evidenced by
surface (air/water) and interfacial (dodecane/water) tension measurements.
Both the surface and the interfacial tension decreases with DS and polymer
concentration. However, above a critical polymer concentration no further
decrease in surface tension is observed, which is assigned to the formation of
a dense polymer layer at the liquid–air or liquid–liquid interface. Oil-in-water
emulsions can be prepared by sonification in the presence of the amphiphilic
copolymer (dissolved in the aqueous phase). The thickness of the adsorbed
polymer layer in dodecane/water emulsions was estimated by zeta potential
measurements coupled with size measurements. Polymeric surfactants usu-
ally show no or only low hemolytic effects.

Amphiphilic 2-hydroxyoctyl and 2-hydroxydodecyl dextran ethers were
prepared homogeneously in DMSO at 40 ◦C in the presence of an aqueous
solution of tetrabutylammonium hydroxide (TBAH) with aliphatic epoxide
(epoxyoctane or epoxydodecane, Fig. 35). The DS, determined by 1H NMR
in DMSO-d6, can be varied by changing the reaction time and the concentra-
tion of the epoxide [262]. Viscometric investigations carried out in dilute and
semidilute solutions give information about their solution behaviour [230].
The relation between monodisperse dissolved macromolecules and aggre-
gates and their ability to interact with each other depends on the DS, the
length of the hydrocarbon chains and the concentration of the polymer. Static
and dynamic light scattering measurements allow precise knowledge of the
state formed in dilute solutions with varying DS and increasing hydrocarbon
chain length [231].

Amphiphilic 2-hydroxy-3-phenoxy propyl dextran ethers (DexP) were also
applied as stabilisers of nanoparticles formed by emulsion polymerisation of
styrene, leading to a stable hydrophilic surface and showing reduced non-
specific protein adsorption [229, 232, 233]. The styrene-in-water emulsions
were prepared by sonification of styrene in the aqueous phase in the pres-
ence of DexP, with potassium peroxodisulfate as initiator at 95 ◦C. The size
of the polysaccharide-coated polystyrene nanoparticles prepared was directly
correlated to the styrene concentration and the DS of the DexP. For a concen-
tration of styrene of 10% (v/v), the droplet size is around 160 nm at maximal
surface coverage and a coagulate amount below 5% (w/w). With increas-
ing concentration of styrene, the particle size and the amount of coagulate
increase, indicating that coalescence processes take place during polymeri-
sation. Furthermore, for dextran ethers of low DS, the coalescence becomes
predominant and no latex is observed. Polystyrene particles coated with
DexP present markedly higher protein repulsion in contrast to unmodified
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particles or to dextran-coated particles. The dextran layer formed on the
particles is thicker than the layer with DexP, but due to the higher polymer
chain flexibility of dextran, the layer is loosely packed and bovine serum al-
bumin (BSA) can penetrate through. In the presence of phenoxy moieties, the
stiffness of the adsorbed layer increases due to hydrophobic interactions be-
tween the polymer chains and, therefore, the density of the layer increases.
The probability of BSA making direct contact to the polystyrene surface is
reduced [263].

Comparable experiments were performed with DexP-coated macroporous
polystyrene-divinylbenzene (PS-DVB) particles [264] and with DexP, labelled
with 4-amino-TEMPO, using EPR spectroscopy to study the conformation of
the polymer chains [265]. Low substituted DexP gave thicker layers with lower
density than highly substituted derivatives due to the presence of more loops
and tails. With increasing DS of DexP, the stiffness of the adsorbed layers
and, therefore, the density increases and the non-specific interaction of BSA
with the DexP-coated PS-DVB surfaces seems to be restricted to the top of the
adsorbed layer.

Moreover, DexP and DexCn were exploited as stabilisers in an oil-in-
water emulsion/evaporation technique for the preparation of biocompatible
poly(lactide) (PLA) nanospheres [262]. The influence of the dextran ethers on
the particle size, surface density and stability were investigated. DSC studies
suggested that the mechanism of interfacial adhesion depends on the nature
of the hydrophobic moieties. The dextran ethers produce stable nanoparticles
with hydrophilic surfaces and reduced BSA adsorption [266]. Such particles
of PLA have been widely applied as carriers for drug delivery [267]. The en-
capsulation of lidocaine in PLA nanoparticles, adopting DexP and DexCn
as emulsion stabiliser in the preparation of the nanoparticles, was investi-
gated. Using DexP, the encapsulation of lidocaine in PLA nanoparticles is not
possible probably due to specific interactions between the drug and DexP.
However, lidocaine-loaded nanospheres from about 7 to 18% (w/w) could be
obtained in the presence of the 2-hydroxyalkyl dextran ethers. The release of
lidocaine of uncoated PLA and of DexCn-coated PLA nanoparticles did not
significantly change.

5.1.3
Poly(Ethylene Glycol)-Alkyl Dextran Ether (DexPEG10Cn)
for Drug Delivery

Amphiphilic poly(ethylene glycol)-alkyl dextran ethers are emerging as ve-
hicles in the oral delivery of poorly water soluble drugs [251, 268, 269]. They
form polymer micelles of low critical association concentrations (CAC) and
small micelle sizes in aqueous solution. Particulate delivery systems lead to
an enhancement of the absorption efficiency and bioavailability of highly
lipophilic drugs orally applied, and provide the drug with some level of pro-
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tection against degradation within the GI tract, prolonged drug transition
time, and improved drug absorption [270].

Low molecular weight surfactant micelles are widely used as drug car-
rier systems due to their good pharmacological characteristics [271, 272].
They are formed above a critical micelle concentration (CMC) and rapidly
break apart upon dilution. In contrast to the low molecular weight surfac-
tant micelles, the association of amphiphilic polymers like DexPEO10Cn in
water takes place at concentrations (CAC), which are lower by several orders
of magnitude than typical surfactant CMC values. The polymeric micelles
consist of a hydrophobic core (cetyl or stearyl groups) and the hydrophilic
shell (dextran backbone) exposed to the aqueous environment [273, 274]. The
hydrophobic cetyl and stearyl groups are attached via short PEG linker to
dextran (Fig. 36).

The poly(ethylene glycol)-cetyl and stearyl dextrans are synthesised as fol-
lows: the terminal hydroxyl groups of cetyl or stearyl poly(ethylene glycol) are
tosylated using p-toluenesulfonyl chloride and either pyridine or a mixture
of Et3NH+Cl– and Me3NH+Cl–. The tosylated poly(ethylene glycols) are con-
verted with dextran to give the corresponding DexPEG10Cn [251, 252]. The
degree of PEG10Cn substitution can be calculated using 1H NMR spectra. The
size of the polymeric micelles ranges from 10 to 100 nm.

CAC values of the copolymers are estimated by fluorescence spectroscopy
using pyrene as probe. The excitation spectra of the hydrophobic fluorescence
probe, preferentially arranged into the hydrophobic core of the micelle, un-
dergoes a small shift to longer wavelengths (from λ = 333 nm in a hydrophilic
environment to λ = 336 nm in a hydrophobic environment) [275–277]. An
increase in the length of the hydrophobic residue at a given length of the hy-
drophilic polymer chain causes a decrease in the CAC value and an increase in
micelle stability [252, 278]. Cyclosporin A (CsA), a highly effective immuno-
suppressive agent, was incorporated into DexPEG10Cn micelles by a dialysis
method. An aqueous DexPEG10Cn solution was treated with a solution of
CsA in ethanol, followed by extensive dialysis against water. The solubility
of the lipophilic drug CsA in aqueous solutions of DexPEG10Cn through en-
capsulation in the hydrophobic core of the micelles can be increased with
increasing DS and decreasing molecular weight of the dextran [252]. The cy-
totoxicity of DexPEG10Cn micelles towards a Caco-2 cell line, deriving from
human colon denocarcinoma, is significantly lower than that of unlinked
PEG10Cn. DexPEG10Cn micelles exhibit high stability in gastric and intestinal

Fig. 36 Synthesis of poly(ethylene glycol)-cetyl and -stearyl dextran ether
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fluids and their size is optimal for effective drug delivery. The permeability of
CsA encapsulated in DexPEG10Cn micelles across Caco-2 cells is significantly
increased compared to free CsA. The application of CsA encapsulated in
vitamin B12-modified DexPEO10Cn micelles also enhances the permeability
through Caco-2 cell monolayers [279]. The characteristic of the biopolymeric
micelle systems indicates that this approach can provide practical opportuni-
ties in the oral delivery of hydrophobic drugs.

5.2
Ionic Dextran Ethers

5.2.1
Sulfopropylation

One approach to introduce an anionic moiety onto dextran is sulfopropyla-
tion. In combination with a hydrophobic modification, sulfopropylation was
utilised for manufacture of anionic amphiphilic dextran ethers. The deriva-
tives were synthesised in two steps. Dextran was reacted with 1,2-epoxy-
3-phenoxy propane in aqueous NaOH solution (Fig. 35) or in DMSO using
TBAH instead of NaOH. The subsequent step is the conversion with 1,3-
propane sultone in DMSO (Fig. 37).

The emulsifying properties of these polymeric surfactants demonstrate
that the chemical structure influences the kinetic behaviour of interfacial ten-
sion reduction. An increase of sulfopropyl moieties reduces the interfacial
tension slower while an increase in 2-hydroxy-3-phenoxy propyl moieties re-
duces the interfacial tension faster. The ionic strength of the emulsion appears
to increase the rate of tension reduction. The average droplet size of oil-
in-water emulsions in presence of previously dissolved 2-hydroxy-3-phenoxy
propyl sulfopropyl dextran is around 180 nm immediately after preparation
and increases with time. The presence of ionic moieties appeared to facilitate
emulsification at low polymer concentrations due to electrostatic repulsions
between the oil droplets [229].

Fig. 37 Sulfopropylation of 2-hydroxy-3-phenoxy propyl applied to the manufacture of
anionic amphiphilic 2-hydroxy-3-phenoxy propyl sulfopropyl dextran
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5.2.2
Carboxymethyl Dextran (CMD)

Carboxymethylation of dextran in water/organic solvent mixtures using
monochloroacetic acid (MCA) under strong alkaline conditions leads to CMD
with good reproducibility (Fig. 38).

A DS of up to 1.0 is obtained in one step by applying optimised re-
action conditions; 3.8 M aqueous NaOH, reaction temperature of 60 ◦C for
90 min in tert-butanol/water or isopropanol/water 85 : 15 (v/v) mixtures
(Table 12) [219]. The DS of CMD can be increased by repeated carboxymethy-
lations. CMD with DS 1.5 was realised by two-step carboxymethylation.
Under optimal conditions, the applied NaOH solution was 3.8 M. The DS
value is decreased with lower NaOH concentrations because of incomplete
activation of the hydroxyl groups, and also with higher NaOH concentra-
tions due to increasing side reactions of MCA with NaOH forming glycolic
acid [280].

Fig. 38 Synthesis of carboxymethyl dextran (CMD)

Table 12 Influence of solvent mixture and temperature on carboxymethylation of dextran

Solvent mixture (v/v) Temp. DSCM
tert-Butanol Water (◦C)

100 0 60 0.35
85 15 50 0.82
85 15 60 0.96
85 15 70 0.88
80 20 60 0.74
70 30 60 0.50
60 40 60 0.39
50 50 60 0.31

0 100 60 0.63
85 (isopropanol) 15 60 0.99
85 (M4U a) 15 60 0.77

[dextran] = 2 g, [NaOH] = 3.8 M, [MCA] = 3 g, 90 min, total volume 50 mL
a 1,1,3,3-Tetramethylurea
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Table 13 Molecular weight and polydispersity of carboxymethyl dextran with different
degrees of substitution (DS)

Sample DSCM Mn Mw Mw/Mn

Dextran T40 – 25 500 38 000 1.5
CMD 0.76 49 000 70 400 1.4
CMD 0.83 56 700 77 500 1.4
CMD 1.01 54 700 79 400 1.5
CMD 1.47 a 53 500 80 600 1.5

a After second carboxymethylation

The isopropanol/water or tert-butanol/water mixtures (85 : 15, v/v) are
favourable regarding the miscibility and solubility of the reactants. Car-
boxymethylation proceeds very fast. After 15 min DS 0.8 and 90 min DS 1.0
is obtained. Further prolongation of the reaction time does not yield
higher values. The conversion of dextran T10 (10 000 g mol–1) and T40
(40 000 g mol–1) leads to comparable DS values by using optimal reaction
conditions. By carboxymethylation, no degradation of dextran was observed
although the molecular weight of the CMD samples compared to the starting
dextran (T40) is rather high, obviously due to the problems of SEC measure-
ments of polyelectrolytes (Table 13).

The NMR data of 1H-COSY and HMQC spectra reveal that at the beginning
of the reaction (below a DS of about 0.3) only three possible monosubsti-
tuted glucoses prevail as building blocks of the polymer chain. The values for
the rate coefficients are k2 = 1.2, k3 = 0.5 and k4 = 0.8. Beyond this DS (up to
a value of about 0.8), disubstituted units are also observed but no trisubstitu-
tion occurs [220, 221].

5.2.2.1
Bioactivity of CMD-Based Derivatives (Heparan Sulfate Mimetics)

CMD exhibits no anticoagulant and anticomplementary activities (Table 14).
Nevertheless, carboxymethylation of dextran is a crucial step in the prepar-
ation of heparin-like polymers. Heparin is a natural polyanionic polysaccha-
ride with repeating uronic acid-N-acetyl-d-glucosamine units, which is able
to interfere with blood coagulation. It accelerates the inactivation of coag-
ulation enzymes by natural inhibitors like antithrombin (AT) and heparin
cofactor II (HCII). Commercial heparin contains essentially sulfate, sulfamate
and carboxylic groups with different size, charge and chemical composition.
Carboxymethyl dextran benzylamidesulfonate sulfate (CMDBSSu) was de-
signed to mimic heparin-like properties offering the benefit of no potential
risk of virus contamination and with a relatively simple synthesis [281]. It



Functional Polymers Based on Dextran 253

Table 14 Composition, anticoagulant (antithrombic), and anticomplementary activities
of dextran derivatives with different DS of carboxymethyl (CM), benzylamide (B) and
sulfonate/sulfate (S) functions

Samples DS NIH µg/
CM ±0.01 B ±0.01 S ±0.01 units mg–1 a 107 EAC4b,3b b

CMD 0.69 – – – 120
CMDB 0.51 0.14 – – 120
CMDSu 0.45 – 0.04 15 13
CMDSu 0.48 – 0.05 25 9
CMDSu 0.64 – 0.05 18 11
CMDSu 0.72 – 0.10 40 3
CMDSu 0.75 – 0.14 65 1
CMDBSSu 0.40 0.12 0.03 3 60
CMDBSSu 0.60 0.14 0.05 16 10
CMDBSSu 0.43 0.04 0.11 23 7.5
CMDBSSu 0.37 0.15 0.45 1 60
CMDBSSu 0.37 0.11 0.90 1 45
CMDBSSu 0.50 0.03 0.10 22 4
CMDBSSu 0.68 0.04 0.12 31 4

a Specific anticoagulant activity is expressed as the number of NIH units of human thrombin
(1094 NIH units mg–1) inactivated by 1 mg of dextran derivative
b The anticomplementary activity was expressed as the input of dextran derivative that
inhibits 50% convertase formation on 107 EAC4b,3b

can delay the coagulation of plasma by catalysing the inactivation of throm-
bin [107, 282–284]. Thrombin is a multifunctional serine proteinase that ac-
tivates platelets, converts fibrinogen into clottable fibrin, and amplifies blood
coagulation by activating factors V, VIII, XI. The most potent inhibitor of
thrombin in plasma is AT, forming an inactive covalent complex with throm-
bin and other serine proteinases. Thrombin is the only clotting proteinase
that is inhibited by HCII [283]. CMDBSSu also displays anticomplementary
activity both in vitro [285] and in vivo [286] and can modulate the prolifer-
ation of vascular cells [287–289].

The synthesis of CMDBSSu involves the random carboxymethylation of
hydroxyl groups on the glucose units, the benzylamidation of some of the
carboxylic groups with benzylamine in the presence of N-ethoxycarbonyl-2-
ethoxy-1,2-dihydroquinoline (EEDQ) to carboxymethyl dextran benzylamide
(CMDB), the sulfonation of phenyl rings and sulfation of remaining hydroxyl
groups at the polymer backbone (Fig. 39, [108, 222]).

The synthesis steps described may also lead to carboxymethyl dextran
sulfate (CMDSu) and carboxymethyl dextran benzylamide sulfate (CMDBSu,
see Fig. 39). The anticoagulant activities depend on the proportion and
distribution of the substituents. CMDBSSu represents a family of soluble
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Fig. 39 Synthesis of carboxymethyl dextran sulfate (CMDSu), carboxymethyl dextran ben-
zylamide sulfate (CMDBSu) and carboxymethyl dextran benzylamide sulfonate sulfate
(CMDBSSu), respectively

macromolecular compounds, designed for interaction with specific protein
domains. The results in Table 14 show that CMD and CMDB have no anti-
coagulant ability, whereas the CMDBSSu and CMDSu samples reveal a sig-
nificant activity. A pronounced effect is observed when the carboxymethyl
group content is beyond a DS of 0.40 and activity can be increased both
by higher degree of sulfation and benzylsulfonation, expressed as S content
(Fig. 40, [107, 281]).
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Fig. 40 Anticoagulant activity of CMDBSSu in relation to the carboxymethyl group and
sulfonate/sulfate content (adapted from [107, 281])

The anticoagulant activity of dextran derivatives were assessed by meas-
uring the thrombin clotting time (ThNIH units) of freshly prepared platelets
from plasma in the presence of the CMD, CMDB, CMDBSSu and CMDSu poly-
mers and of human thrombin (1094 NIH units mL–1). The anticomplementary
activity was expressed as the amount of polymer that inhibits 50% formation
of the alternative and classical pathway C3 convertase [220, 290, 291].

A prerequisite for CMDBSSu activity is the availability of active sites (OH –,
CH2COOH(Na), SO3Na and CH2CONHCH2C6H5SO3Na), capable of binding
thrombin and catalysing interactions with its inhibitors. Highly substituted
CMDBSu with a DS of carboxymethyl moieties up to 1.1, of benzylamide
up to 0.35, and of sulfate up to 1.5 was synthesised by benzylamidation of
carboxymethyl groups with benzylamine in the presence of water-soluble 1-
cyclohexyl-3-(2-morpholino-ethyl)carbodiimide and subsequent partial sul-
fation of remaining hydroxyl groups with SO3-pyridine in DMF [292]. The
anticoagulant activity of CMDBSu increases with the sulfate content and
reaches a heparin activity of 20% at a DS of sulfate of 1.3. The presence of
O-sulfate groups is essential for the biological activity (compare Sect. 4.1.2).
Furthermore, the presence of benzylamide groups improves the activity.

For CMDBSSu, the anticoagulant and anticomplementary activities in-
crease with increasing molecular weight and reach a plateau at about
40 000 g mol–1 [285]. Heparin [293, 294] and synthetic heparinoids derived
from cis-1,4-polyisoprene containing carboxylic and sulfonate groups [295]
show a comparable plateau. For CMDBSSu with a high degree of substitution
(DS of CM 0.72–1.09, DS of benzylamide 0.14–0.66, DS of sulfonate ≤ 0.09,
DS of sulfate 0.03–0.76), the anticoagulant activity increases in the range of
molecular weights 10 000–80 000 g mol–1 [283].
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In addition to anticoagulant activities, CMDBSSu has the capacity to in-
hibit smooth muscle cells (SMC) and stimulate endothelial cells (EC) prolif-
eration. The proliferative nature is not related to the anticoagulant proper-
ties [109, 288]. Some CMDB derivates exhibit an inhibitory effect on human
breast cancer lines [296–298]. The inhibitory effect on cell growth appears to
be independent of the sulfate and sulfonate groups but depends rather on the
benzylamide content.

A CMDBSSu (DS of CM 1.1, DS of benzylamide 0.025, DS of sul-
fonate/sulfate 0.37) can be applied as tissue repair agent, efficient at protect-
ing the heparin-binding growth factors FGF2 and TGFβ1 against pH, thermal
and trypsin degradation [299, 300]. A test with an in vivo wound-healing
model of colonic anastomosis indicated that the polymer effected after 48 h
a twofold increase of the anastomosis resistance to leakage compared to un-
treated controls.

CMD and mixed derivatives based on CMD may be used for the fixation
of antibiotics and enzymes on a polysaccharide matrix. A procedure was de-
veloped for amidation of CMD and its ethyl ester (CMDEE) with various
aromatic amines in dioxane (100 ◦C), ethanol (78 ◦C), n-propanol (97 ◦C) and
2-propanol (82 ◦C) in the presence of a small amount of water [301]. CMDEE
reacts with aliphatic and aromatic amines but in the case of amino acids the
degree of amidation depends on the position of the amino moieties in the
acids [302, 303]. The DS decreases from δ-, γ -, β, to α-amino acids. For the
reaction with α-amino acids, carboxymethyl and carboxyethyl dextran azides
are used [304].

5.2.2.2
CMD as Coating Material

The cytocompatible CMDs are able to stabilise iron oxide-based nanoparti-
cles by coating. The commonly used synthesis route to obtain dextran-coated
iron oxide-based nanoparticles is the alkaline precipitation of magnetite-like
compounds (Fe2+ and Fe3+ salt solutions) in water in the presence of the col-
loid stabilising CDM [305, 306]. The separation from unbound polysaccharide
is carried out by gel filtration chromatography. The coated superparamag-
netic iron oxide particles are more stable in biological media because the
CMD coating separates the iron oxide core from solutes and minimises pro-
tein adsorption on the nanoparticle surface. According to the synthesis condi-
tions, the structure of the CMD coating and the persistence time in the blood
can be influenced.

These nanoparticles can interact cell-type-specifically with viable hu-
man cells [307]. The functional groups are accessible to subsequently cova-
lent fixation of bioactive molecules such as oligonucleotide (Fig. 41). Such
oligonucleotide-functionalised magnetic nanoparticles can be taken up intra-
cellularely by endocytosis [308].
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Fig. 41 Coupling of the oligonucleotide ON-19 with carboxymethyl dextran-coated iron
oxide nanoparticles

Nanoparticles may be applied in tumour diagnosis and therapy [309]. The
nanoparticles have several advantages such as high drug encapsulation, ef-
ficient drug protection against chemical or enzymatic degradation, unique
ability to create a controlled release of drugs, cell internalisation and the
ability to reverse the multidrug resistance of tumour cells [310]. The dextran-
coated nanoparticles show prolonged blood flow time and allow targeting to
specific tissue, such as lymph nodes or brain tumour [88].

5.2.2.3
CMD Complexes

CMD and dicarboxymethyl dextran (DCMD) as biocompatible and water-
soluble polymeric carriers can react with cis-dihydroxo(cyclohexane-trans-
l-1,2-diamine)platinum II (Dach-Pt) via a complex-type bond (Fig. 42). Low
molecular weight platinum complexes are poorly water soluble. Their cy-
totoxic activity decreases in the bloodstream because of ligand exchange
reactions with proteins, amino acids and other amino compounds. The im-
mobilisation of Dach-Pt to DCMD by a chelate-type coordination bond is
stable to maintain the cytotoxic activity in contrast to a single coordination
of Dach-Pt to CMD, where the cytotoxic activity decreases gradually with the
preincubation time. DCMD/Dach-Pt should also show a longer half-life in the
body and a larger accumulation at the inflammatory tumour site than low
molecular weight platinum complexes [311].

5.2.2.4
CMD for Protein Immobilisation

Multiple funtional improvements in β-lactoglobulin (β-LG) could be achieved
by covalent binding to CMD (Mn ∼ 10 000 g mol–1) using the water-soluble
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Fig. 42 Synthesis of dicarboxymethyl dextran (DCMD)/cis-dihydroxo(cyclohexane-trans-
l-1,2-diamine)platinum II (Dach-Pt) complex

1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide (EDC) as coupling re-
agent [312, 313]. β-LG is a predominant whey protein and known as a potent
allergen of milk allergy (82% of milk allergy patients are sensitive to β-LG).
The modification of the protein by covalent binding to CMD leads to re-
duced allergenicity, improved heat stability and emulsifying properties of
the protein by maintaining the retinol binding activity [314]. The emulsify-
ing properties of β-LG can be markedly improved with the molecular weight
of the CMD used (Mn ∼ 40 000 g mol–1, ∼ 70 000 g mol–1, ∼ 162 000 g mol–1),
especially in the pH region lower than 7, in the presence of salt, and after heat-
ing. It is assumed that the physical properties of CMD (such as hydrophilicity,
negative charge and viscosity) influence the emulsifying activities rather than
the effect of the conformational changes [315]. The immunogenicity of β-LG
also depends on the molecular weight of the CMD. The higher the molecular
weight of CMD (Mn ∼ 40 000 g mol–1, molar ratio of β-LG to CMD 8 : 1 and
Mn ∼ 162 000 g mol–1, molar ratio of β-LG to CMD 7 : 1) the lower is the im-
munogenicity of β-LG [316, 317]. By means of intrinsic fluorescence spectra,
circular dichroism spectra and enzyme-linked immunosorbent assay (ELISA)
with monoclonal antibodies, it can be shown that the surface of β-LG is cov-
ered by CMD with retention of the native conformation. Local conformational
changes of β-LG by covalent binding of CMD were evaluated by competitive
ELISA. Whereas the conformation around 125Thr–135Lys (α-helix) and the re-
gions near the epitope 61B4 maintain their native form, the conformations
around 15Val – 29Ile (β-sheet) and 8Lys – 19Trp (random coil, β-sheet and
short helix) are changed. The suppression of the generation of T cell epitopes



Functional Polymers Based on Dextran 259

by covalent binding of CMD is important for the explanation of the reduced
immunogenicity of β-LG. The substances could be applied for hypoallergenic
formulations and hypoallergenic emulsifying agents also suitable for novel
foods with low allergenicity.

5.2.2.5
Drug Support

One of the serious problems in chemotherapy is the limited selectivity of
most of the common anticancer drugs. Because of the low cell selectivity, they
do not only interfere with tumour cells but also with healthy cells, and lead
therefore to serious side effects. New macromolecular prodrugs were syn-
thesised that are composed of CMD, Gly – Gly – Gly linker, and camptothens
(CPTs), one of the most promising classes of anticancer drugs [318].

T-2513 (7-ethyl-10-(3-aminopropyloxy)-camptothecin, Fig. 43), which ex-
hibits a good hydrophobic/hydrophilic balance, can be bound to the polymer
via an amide bond to the peptidyl linker. The macromolecular prodrug is sta-
ble and pharmacologically inactive during circulation in the bloodstream but
becomes active after reaching the target site. The entry of macromolecules
into the cells is restricted to endocytosis and pinocytosis that can be highly
cell specific. A comparable macromolecular chemotherapeutic with tumour
targeting capability is methotrexate, covalently bound via peptide linker
(Pro – Val – Gly – Leu – Ile – Gly) onto CMD [319].

Fig. 43 Chemical structure of T-2513 covalently bonded to CMD via linker [318]

5.2.2.6
Stimuli-Responsive Hydrogels Based on CMD

Stimuli-responsive homo- and copolymeric hydrogels with pH, temperature,
ionic strength, solvation, electrical field, or magnetic field-sensitive pendent
groups have been produced for drug, peptide and protein delivery devices,
for biosensors and for tissue engineering. Their swelling behaviour, net-
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Fig. 44 pH- and ionic strength-sensitive hydrogel synthesised by inter- and intramolecular
cross-linking of carboxymethyl dextran

work structure, permeability and mechanical strength changes in response
to external stimuli [320–324]. The pH and ionic-strength sensitive hydrogel
membranes for drug delivery and tissue engineering applications can be syn-
thesised by intermolecular cross-linking of CMD in the presence of EDC and
N-hydroxysuccinimide (NHS) (Fig. 44) [325]. The synthesis method is simi-
lar to the procedure described in [326]. EDC/NHS is not incorporated into the
hydrogel in contrast to conventional cross-linking agents because the water-
soluble urea derivatives formed can be simply washed out [327].

Both the DS of carboxymethyl functions and the concentration of the
cross-linking reagent control the degree of cross-linking and the charge dens-
ity of the hydrogel. Hence, the sensitivity of this hydrogel is tailored for
specific applications. CMD of low DS shows no pH sensitivity. With increas-
ing DS, the sensitivity arises and, therefore, the porosity of the hydrogel can
be reversibly changed in response to changes in environmental pH. This re-
sponse can control the transport of proteins through the membrane. At high
pH, the COOH groups are dissociated inducing electrostatic repulsion, ex-
panding the conformation and increasing the porosity of the hydrogel. Simi-
lar behaviour has been observed with pH-sensitive methacrylated dextran
hydrogels, polypeptide hydrogels and chitosan-polyvinyl pyrrolidone hydro-
gels [324, 328, 329]. The structure of the hydrogel membrane is also sensitive
to changes in ionic strength and the protein diffusion rates. At low ionic
strengths, the protein diffusion rate increases with the ionic strengths; how-
ever, above a certain value the expanded matrix changes to a more compact
one and the diffusion rate drops with further increase of ionic strengths.

5.2.3
2-(Diethylamino)ethyl (DEAE) Dextran

2-(Diethylamino)ethyl dextran (DEAE dextran) is synthesised by reaction of
dextran with (2-chloroethyl)diethylammonium chloride in the presence of
NaBH4 in an alkaline solution at 85–90 ◦C (Fig. 45).
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Fig. 45 Synthesis and structure of DEAE dextran containing 2-(diethylamino)ethyl (A)
and 2-[[2-(diethylamino)ethyl]diethylammonium]ethyl (B) groups

DEAE dextran contains three basic groups with different pKa values
(Fig. 45). One (2-(diethylamino)ethyl, A) consists of a tertiary amino group
with a pKa of 9.5. The other two moieties are (2-[[2-(diethylamino)ethyl]-
diethylammonium]ethyl, B) a tertiary amino group with a pKa of 5.7, and the
strong basic quaternary ammonium group with a pKa of 14 [242, 243]. The
pH value and ionic strength influences the dissociation behaviour and the
conformational change of DEAE dextran.

DEAE dextran is a biocompatible derivative with pharmacological and
therapeutic properties [330]. In particular, DEAE dextran is suitable for bind-
ing bile acids and reducing the absorption of dietary cholesterol and fatty
acids in the gastrointestinal lumen. A hypocholesterolaemic effect [331, 332]
and reduction of triglycerides in presence of DEAE dextran have been
proved [333]. Furthermore, DEAE dextran has the ability to enhance vi-
ral infectivity in cell cultures and is suitable as an agent for transfec-
tion because it enhances the uptake of proteins and nucleic acids by cells.
Cultured human lymphocytes can be utilised for the synthesis of DNA
in the presence of DEAE dextran deoxynucleotides [334]. The DNA syn-
thesis in cells, treated with DEAE dextran, resembles DNA synthesis in
vivo [244]. Plasmid DNA mixed with DEAE dextran is taken up by colon
epithelial cells. This transfection technique is useful in gene therapy, e.g.
for colon disease [335–338]. Vacuum-dried enzymes and enzymes in so-
lution can be stabilised by DEAE dextran. Thus, the activity of vacuum-
dried glycerol kinase is preserved in the presence of DEAE dextran and
lactitol [339].

Water-insoluble PEC were prepared by mixing oppositely charged poly-
electrolytes, e.g. DEAE dextran with CMD [340, 341], sodium dextran sul-
fate, poly(styrene sulfonate) (NaSS) [342], poly(sodium L-glutamate) (PSLG),
poly(vinyl alcohol)sulfate [343], or potassium metaphosphate (MPK) [240].
They are useful as membranes or in biomedical applications [343, 344].
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5.2.3.1
Hydrophobically Modified DEAE Dextran

In contrast to the hydrophilic DEAE dextran, new hydrophobically modified
polycationic dextran (HMPC) was synthesised, carrying pendant N-alkyl-
N,N-dimethyl-N-(2-hydroxypropyl)ammonium chloride groups, with alkyl
being an octyl, dodecyl or cetyl moiety (Fig. 46, [193]).

Fig. 46 Synthesis of amphiphilic polycationic dextran derivatives

These polymers show self-assembly into intramolecular (hydrophobic in-
teractions in the same polymer chain) or intermolecular (between different
chains) micelle-like clusters. Below the CAC, the polymer is extended be-
cause of electrostatic repulsion that does not allow a significant association
between the hydrophobic pendant groups. Above the CAC, the higher ionic
strength changes the polymer conformation to a less extended form, re-
sulting in association of the hydrophobic side chains. The properties of the
micelles depend significantly on the length of the hydrophobic side chains
and the degree of substitution. The micelles with dodecyl- and cetyl alkyl
side groups are formed mainly intramolecularly, whereas octyl side groups
lead to intra- and intermolecular interactions. The association of hydropho-
bically modified polycationic dextran derivatives with oppositely charged
surfactants like sodium octyl, dodecyl and tetradecyl sulfate leads to aqueous
solutions with complex phase behaviour and self-assembling morphologies in
solution [247–250]. These properties, e.g. the spontaneous formation of hy-
drophobic cores in aqueous solution, exhibit a great potential in drug/gene
delivery research and for other biomedical applications. The mechanism and
strength of the interaction between HMPC and oppositely charged surfac-
tants depend on the structure of the surfactants, their hydrophobic part,
the charge density, DS, chain conformation, hydrophobicity and molecular
weight of the HMPC. In particular, the effect depends on the molar ratio of
surfactant and HMPC.
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6
Miscellaneous Dextran Derivatives

6.1
Dextran Conjugates

An enormous amount of publications have appeared over the last three
decades dealing with the preparation of so-called dextran conjugates. These
are either dextrans carrying bioactive molecules such as pharmaca, enzymes,
proteins and hormones or dextrans modified with fluorescent dyes. These
conjugates usually have low DS values and structural data are not accessible.
A number of different paths for the covalent coupling are known. The prep-
aration of ester-type conjugates mainly prodrugs is described in Sect. 4.2. In
addition, binding via carbonate and carbamate moieties, using cyanogen bro-
mide activation of the dextran, periodate oxidised dextran and binding as
Schiff base, and the application of spacer molecules are all broadly exploited
techniques. In this section, the chemistry of dextran conjugates is briefly dis-
cussed for representative examples. For more detailed information on the
application of conjugates, the excellent reviews by DeBelder [45], Larsen [178]
and Mehvar [179] are recommended. In addition, the importance and the
influence of the linker between the polymer and the drug on the biological
interactions and the release mechanism was reviewed [345].

6.1.1
Coupling via Formation of a Schiff Base

The most versatile method for the introduction of bioactive molecules with
terminal NH2 functions such as proteins and enzymes is the coupling via
formation of a Schiff base (Fig. 47). It is necessary to oxidise the dextran back-
bone in the first step to obtain reactive aldehyde moieties. The Schiff base
formed between the amine group of the bioactive molecule and the oxidised
dextran is usually reduced in a separate step to obtain a stable conjugate.

The activity of proteins is not significantly diminished. Complex struc-
tures such as monoclonal and polyclonal antibodies [346] and bacterial pro-
teins usable in the tumour-specific delivery of oncolytic drugs [347] can
be covalently attached. Recently, such a system was used for immunodetec-
tion. Thus, proteins covered with dialdehyde dextran have been exploited
as carrier molecules to detect the immunoresponse against an aminated
hapten [348]. In addition, dialdehyde dextran has been exploited to detect
protein–protein interactions. A very simple strategy, based on the intermole-
cular cross-linking of associated proteins by using dialdehyde dextran, has
been proposed [349]. Dextran dialdehyde is applied as coating material for
magnetic nanoparticles and immobilisation of enzymes such as glucose ox-
idase on the particle surface [350].
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Fig. 47 Covalent binding of bioactive molecules with terminal NH2 functions to dextran
via oxidation of the dextran, formation of a Schiff base, and reduction

Fig. 48 Introduction of aldehyde functions by conversion of 3-chloro-2-hydroxypropyl
dextran (activated dextran) with hydroxybenzaldehyde A or carboxybenzaldehyde (A,
lower part, B)

It should be mentioned that introduction of a reactive aldehyde func-
tion can also be achieved by activation of dextran with epichlorhydrin and
subsequent conversion with carboxybenzaldehyde or hydroxybenzaldehyde
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(Fig. 48) [351]. The reaction via the aminated dextran (path A lower part) ex-
hibits almost complete conversion of the amine functions, resulting in a fairly
high amount of aldehyde moieties. Nevertheless, the amount of aldehyde is in
the range of one to seven aldehyde groups per 100 mol anhydroglucose units.

6.1.2
Cyanogen Bromide as Coupling Agent

A method with the same focus, i.e. conjugation of amine-containing drugs
and proteins to dextran, is the activation of dextran with cyanogen halides
(Fig. 49). This procedure was among the first synthesis tools exploited for the
covalent binding of peptides and proteins to polysaccharides [352]. Cyanogen
bromide is the most efficient coupling agent. Despite its popularity, the pre-
cise total structure of the cyanogen bromide-activated polysaccharides and
the endogenous functional groups are obscure. The most reasonable interme-
diate is shown in Fig. 49 [353].

Fig. 49 Use of cyanogen bromide for the conjugation of peptides and proteins to polysac-
charides

The technique is also used to introduce diene moieties, which enable the
polymer for a highly efficient modification with dienophile components via
Diels–Alder reaction [354]. Therefore, methyl octa-4,6-dienoate is converted
to octa-4,6-dienoic acid hydrazide, which is bound to dextran via reaction
with BrCN. The maleimide-modified protein (albumin) is easily attached to
the polymer backbone by Diels–Alder reaction (Fig. 50).

6.1.3
Carbonates and Carbamates

First attempts to use the carbonate or the carbamate function for the cova-
lent binding of amino acids and proteins applying the activation of dextran
with phosgene showed that this approach is limited due to the fact that it is
combined with a number of side reactions (Fig. 51) [355].

More useful is the conversion of dextran with ethyl chloroformate or
4-nitrophenyl chloroformate carried out in DMF/LiCl to give the corres-
ponding carbonates [356]. Analysis of the total carbonate content and the
content of 4-nitrophenyl carbonate moieties during the course of the reac-
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Fig. 50 Synthesis path applied for the binding of a maleimide-modified protein, e.g. al-
bumin, to dextran via Diels–Alder reaction after introduction of a dienophil component
using BrCN

Fig. 51 Preparation of dextran carbonates and carbamantes after phosgene treatment

tion demonstrates the formation of different types of carbonate moieties. The
4-nitrophenyl carbonate moieties are transformed into other carbonate struc-
tures, most likely by reaction with neighbouring polymeric hydroxyl groups
as revealed by NMR spectroscopic studies. The formation of cyclic carbon-
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ates is discussed, which could be inter- or intramolecular (Fig. 52). The data
suggest that the process occurs predominantly within the polymer chains. It
is strongly enhanced by addition of a strong base. The maximum total DS
reached is in the region of 0.8 after 40 min. If longer reaction times are ap-
plied, the DS values decrease because of the attack of a neighbouring hydroxyl
group of the dextran [357]. In model experiments with phenylamine and
tyramine it was shown that conversion to carbamate moieties can be achieved
(Fig. 52).

A useful approach for the introduction of a carbonate function is the re-
action with N,N′-carbonyldiimidazole as discussed in Sect. 4.2.2.3 (Fig. 29),
which was applied for the preparation of a new class of polymerisable dex-
trans [177].

More often, carbamates of dextran are prepared by one-step conversion of
the polysaccharide with isocyanates or isothiocyanates. This path is especially
useful for the conjugation of fluorescent dyes. Fluorescent-marked dextrans
are commercial products today. Fluorescent dextran derivatives with differ-
ent molecular weights and substituents are available as invaluable tracers
for studies on microcirculation and vascular permeability in health and dis-
ease [8]. Fluorescein isothiocyanate (FITC) dextran (actually the thiocarba-
mate) has been well established in this area of research since the 1970s [358].
The isothiocyanate of fluorescein is covalently bound to dextran leading to

Fig. 52 Binding of phenylamine and tyramine to dextran via functionalisation with 4-
nitrophenyl carbonate and subsequent formation of a carbamate
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a low substituted fluorescein-labelled dextran (DS 0.004–0.01), as schemati-
cally shown in Fig. 53 [359].

An alternative method for the synthesis of different dextran conjugates
with fluorescent dyes is the reaction of a water-soluble amino dextran with
the succinimidyl ester of the corresponding dye [360]. The amide linkage
is more stable than the corresponding thiocarbamate formed with isothio-
cyanates. This method is displayed schematically in Fig. 54 for the prepar-
ation of 5- (and 6-) carboxynaphthofluorescein-labelled dextran from amino
dextran (Fig. 47, [361, 362]).

Fluorophores (including coumarin, cascade blue, tetramethylrhodamine
and texas red), pH and Ca2+ indicators (fura, indo, calcium green-1) and
coenzymes (biotine) are coupled to dextran by using the appropriate tech-
nique [360]. The investigation of hydrodynamic properties of the cytoplasmic
matrix [363], the observation of uptake and internal processing of exo-
genous materials by fluid-phase endocytis [364], and the in vivo tracing
of cell lineage [365] are examples of the importance of dextran conjugates

Fig. 53 Preparation of fluorescein-labelled dextran (FITC dextran) by the isothiocyanate
technique [359]

Fig. 54 Preparation of 5-carboxynaphthofluorescein-labelled dextran by the succinimide
technique [361]
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in medical research. One further application is the use as a size exclu-
sion probe for determining relative pore sizes in both synthetic and natural
membranes [366].

6.2
p-Toluenesulfonic Acid Ester of Dextran

Chemical functionalisation of polysaccharides directly at the C-atoms of the
anhydrosugar unit may be carried out by nucleophilic displacement reactions
(SN). An indispensable prerequisite for SN is the transformation of the hy-
droxyl moieties to a leaving group, which can be achieved by sulfonic acid
ester formation, especially by introduction of a tosyl group. It has been shown
that tosylation of dextran under homogeneous conditions is an efficient mod-
ification yielding polymers with a broad spectrum of solubility (Table 15).
Preliminary studies on the SN reaction of tosyl dextran (DS 1.39) with NaN3
revealed that a polymer with DSAzide 0.62 and DSTosyl 0.66 can be synthesised,
i.e. almost 45% of the tosyl moieties were substituted [367].

Table 15 Conditions and results for the reaction of dextran dissolved in DMAc/LiCl with
p-toluenesulfonic acid chloride in the presence of triethylamine for 24 h at 8 ◦C

Molar Elemental analysis (%) DS b Solubility
ratio a S Cl DSTosyl DSCl

1 : 0.5 1.54 0.32 0.08 0.03 DMSO, DMA, DMF
1 : 1.5 8.63 0.21 0.75 0.02 DMSO, DMA, DMF, THF
1 : 5.0 11.83 0.22 1.39 0.02 DMSO, DMA, DMF, THF,

acetone, CHCl3

a Glucopyranosyl unit: p-toluenesulfonic acid chloride, 2 mol triethylamine per mol
p-toluenesulfonic acid chloride were used as base
b Degree of substitution of p-toluenesulfonic acid ester (index Tosyl) and chlorodeoxy (in-
dex Cl) groups

Fig. 55 Direct thiolation of the dextran backbone accessible via SN reaction starting from
tosylates of dextran [368]
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In addition, dextran tosylates may be used for the preparation of thiol-
containing derivatives usable for self-assembly structures (Fig. 55) [368].

6.3
Thiolated Dextran

Besides the direct thiolation of the polysaccharide backbone accessible via
SN reaction starting from tosylates of dextran, as discussed above, a number
of paths for the introduction of spacer-bound thiol functions are described.
Early attempts towards thiolation of dextran applied acetylthiosuccinic an-
hydride yielding the mercaptosuccinyl derivative of dextran (Fig. 56). The
reaction was carried out by addition of acetylthiosuccinic anhydride to a so-
lution of the macromolecule while the pH was maintained at 8 by addition of
NaOH and subsequent treatment of the product with Amberlite [369].

More recently, thiolated dextran was synthesised by modification of dex-
tran with 4-nitrophenyl chloroformate in DMSO/pyridine in the presence of
DMAP at 0 ◦C yielding a carbonate (content 6%), which can be substituted
with cystamine. Subsequent reduction yields the thiolated dextran containing
between 1 and 4% thiol moieties (Fig. 57) [370].

This thiolated dextran may be immobilised by chemisorption on a metal
surface such as silver and can thus be used as an inhibitor of non-specific
protein adsorption. Surface plasmon resonance (SPR) was employed to mon-
itor BSA adsorption from a flowing buffered solution, revealing a significant
reduction of BSA adsorption for coated silver compared to the uncoated sur-
face. The results obtained by SPR have been complemented and validated
by ellipsometry, atomic force microscopy (AFM) and X-ray photoelectron
spectroscopy (XPS) analysis. The amount of thiol functions and the molecu-
lar weight of the polymer affect the protein resistant performance of the
dextran layer. By increasing the proportion of thiol substituents, a greater
coverage of the silver surface is observed, conferring improved protein resist-
ance. Higher molecular weight dextran derivatives (Mw ranging from 5000 to
500 000 g mol–1) are shown to pack less efficiently to produce layers with less
effective protein resistance [370, 371]. In addition, SPR has been employed to

Fig. 56 Synthesis of thiol-functionalised dextran by conversion of dextran with acetylth-
iosuccinic anhydride
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Fig. 57 Synthesis of thiolated dextran via formation of a nitrophenyl carbonate [370]

investigate the hydrolytic degradation of thiolated dextran monolayers on sil-
ver by the enzyme dextranase. It was demonstrated that dextranase does not
completely remove the thiolated dextran monolayers, even at the enzyme’s
most active pH. A significant protein resistance is still found after degra-
dation [372]. AFM measurements in liquid environment have demonstrated
the ability to measure corresponding changes in both monolayer morphology
and elasticity due to the hydration state of the dextran derivative [373].

Two methods for the derivatisation of dextran with boron-containing
substituents via sulfur bridges were developed for substances useful in
boron neutron capture therapy (BNCT). One method comprises activation of
dextran with 1-cyano-4-(dimethylamino)pyridine (CDAP) with subsequent
coupling of 2-aminoethylpyridyl disulfide (Fig. 58, method A). The thio-
lated dextran could couple the boron-containing molecule (Na2B12H11SH,
BSH) with a terminal thiol function in a disulfide exchange reaction. In
another procedure, dextran was derivatised to an allyl dextran (Fig. 58,
method B), which reacted with BSH in a free-radical-initiated addition re-
action. The amount of functionalisation is rather low. For method A, 10–20
boron-containing functions were determined per dextran molecule (start-
ing dextran was T70) and 100–125 units per dextran chain in the case of
method B. Nevertheless, the derivatives are useful for tumour targeting appli-
cations [374].

The binding of proteins such as tetanus toxoid (TTd) onto dextran can
also be achieved via thiolation. Therefore, dextran is converted selectively
at the terminal reducing ends. This is possible either after amination and
modification of the terminal amino function with 2-iminothiolan hydrochlo-
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Fig. 58 Methods for the derivatisation of dextran with boron-containing substituents via
sulfur bridges developed for boron neutron capture therapy (BNCT)

Fig. 59 Selective binding of proteins onto dextran by activation of the terminal reducing
ends
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ride (Fig. 59, path A) or by direct treatment of dextran with cystamine
(Fig. 59, path B). The molecular weight of the dextran investigated for mod-
ification was in the range of 500 to 150 000 g mol–1. The conjugation of the
protein (e.g. TTd) onto the polysaccharide was performed after activation
with N-hydroxysuccinimide ester of bromoacetic acid (Fig. 59). In contrast
to random activation of the polysaccharide, this method avoids cross-linking
leading to conjugates that induce strong antipolysaccharide T-helper-cell
dependent immune responses. Unlike direct reductive amination, the 2-
iminothiolan based conjugation technique is fast and made it possible to
couple fairly large polysaccharides to TTd [375].

6.4
Silyl Dextran

Silylation reactions on polysaccharides with chlorosilanes and silazanes were
attempted more than 50 years ago resulting in hydrophobic silyl ethers with
both increased thermal stability and solubility in organic solvents [376].
The silylation reaction for the protection of hydroxyl groups in mono- and
polysaccharides exhibits many advantages, e.g. fast silylation, solubility of
silylether in organic solvents suitable for subsequent derivatisation, stabil-
ity of the resulting silylether under basic conditions but easy deprotection of
the silyl moieties by acid hydrolysis or nucleophilic agents like fluoride and
cyanide ions [377]. The partial and complete silylation of dextran was studied
in detail by Ydens and Nouvel [215–217].

The partial silylation was carried out with 1,1,1,3,3,3,-hexamethyldisilazane
(HMDS) in DMSO at 50 ◦C (Fig. 60). The hydroxyl groups react with HMDS
resulting in trimethylsilyl dextran and (CH3)3SiNH2, which further reacts
with hydroxyl groups to silyl ether and NH3. The silylation reaction starts ho-

Fig. 60 Partial a and complete silylation (b, c) of dextran
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mogeneously, but with increasing degree of silylation the solubility in DMSO
decreases. Highly substituted products are soluble in THF, chloroform or
toluene. The DS of silylation increases with reaction time, temperature and
HMDS/OH ratio and decreases with the molecular weight of dextran; a com-
plete silylation is not reached under these conditions (samples 1–5 and 13 in
Table 16). Although acidic catalysts like HCl, p-toluenesulfonic acid or triflu-
oroacetic acid can increase the reactivity of HMDS, they are excluded due to
their degrading potential.

Table 16 shows the influence of reaction conditions and of activation
reagents such as TMSCl, hexamethylphosphoric triamide (HMPA), N-methyl-
imidazole (NMI), saccharin and tetrabutylammonium fluoride (TBAF) on
the DS of silyl dextran. For complete silylation, a mixture of 1.8 mol HMDS
and 0.2 mol chlorotrimethylsilane (TMSCl) per mol OH groups have to be
used. The more reactive TMSCl reacts in a first step with hydroxyl groups
to trimethylsilyl dextran and HCl. Subsequently, the HCl cleaves HMDS in
TMSCl and NH3 [218]. Complete silylation of dextran could also be carried

Table 16 Influence of HMDS/OH molar ratio, co-solvent and activation reagent on the
degree of substitution (DSSilyl)

Dextran Sample Medium Molar ratio Activation Temp. Time DSSilyl
[HMDS]/ reagent a

[OH] (mol) (◦C) (h)

T40 1 DMSO 0.25 – 50 20 1.1
2 DMSO 0.50 – 50 20 2.0
3 DMSO 2.0 – 50 20 2.3
4 DMSO 2.0 – 50 16 2.1
5 DMSO 5.0 – 50 20 2.3
6 DMSO/THF (6/4) 4.0 0.2 NEt3 60 48 3.0
7 DMSO/toluene (1/1) 2.0 – 50 20 2.5
8 DMSO 1.8 0.2 TMSCl b 50 20 3.0
9 DMSO 2.0 0.1 HMPA c 50 20 2.5

10 DMSO 2.0 0.1 NMI d 50 20 2.3
11 DMSO 2.0 0.1 Saccharine 50 20 2.7
12 DMSO 2.0 0.1 TBAF e 50 20 2.6

T10 13 DMSO 2.0 – 50 16 2.3
14 DMSO/THF (5/2) 4.0 0.2 NEt3 60 48 2.8
15 DMSO/THF (6/4) 4.0 0.2 NEt3 80 90 3.0

a With respect to mol HMDS
b Chlorotrimethylsilane
c Hexamethylphosphoric triamide
d N-Methylimidazole
e Tetrabutylammonium fluoride
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out in DMSO using THF as co-solvent in a ratio of 6 : 4 and 0.2 mol triethyl-
amine as activation agent with respect to mol HMDS and a HMDS to OH
molar ratio of 4 : 1. Co-solvents such as THF and toluene guarantee homo-
geneous conditions for the whole conversion. At 50 ◦C, silylation of dextran
with HMDS proceeds without chain degradation independent of the reac-
tion times, co-solvents, or activation reagents. Nevertheless, degradation of
dextran was observed at 80 ◦C. More reactive silylation reagents such as N,O-
bis(trimethylsilyl)-acetamide lead to significant chain degradation even at
50 ◦C.

The degree of silylation can be determined by 1H NMR in CDCl3 or in
DMSO-d6. In the case of slightly silylated dextran, the analysis of the 1H NMR
spectra in D2O and DMSO-d6 give similar results. A precise assignment of the
NMR signals was achieved by 2D 1H – 1H – and 1H – 13C techniques (COSY
45◦ and HMQC, Fig. 61).

The silylation yield can be calculated using the equation:

Yield(%) =
A(OSiMe3)

A(anomeric H)
× 100

27
.

A(OSiMe3) is the area of the trimethylsilyl group at 0.15 ppm in CDCl3 or
0.18 ppm in DMSO-d6. The area of the anomeric protons A(anomeric H) is
centred at 4.7 ppm and the area of the glucosidic protons A(glycosidic H) is

Fig. 61 1H-NMR spectra of silylated dextrans in DMSO-d6 with different DSSilyl (adapted
from [217])
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Fig. 62 HMQC spectrum of silylated dextran (DSSilyl = 2.85, adapted from [217])

situated from 3.2 to 4.2 ppm in CDCl3, and from 3.0 to 4.0 ppm in DMSO-d6
(Fig. 61).

The DS can also be determined by subsequent reaction of the remain-
ing OH groups with phenylisocyanate [378] or with trichloroacetyliso-
cyanate [379] to the carbamate. The calculation from NMR data can be
carried out either before or after hydrolysis of the TMS groups by using the
ratio of the A(NH) of the urethane protons at 8.5–9.5 ppm to the total of
A(anomeric H) and A(glycosidic H) between 3 and 5 ppm. Both methods give
comparable values. The analyses of the NMR spectra in Fig. 62 allow deter-
mination of the different reactivity of the OH groups. The rapid decrease of
the hydroxyl proton signal at position 2 means that OH2 is the most reac-
tive group. Nouvel found the following order of reactivity for the silylation
of dextran: OH2 > OH4 > OH3 [217]. The HMQC spectrum of silyl dextran
with a DS of 2.85 (Fig. 62) confirms the presence of 2,3,4-tri-O-; 2,3-di-O-; and
2,4-di-O-silylated glucose units.

6.4.1
Poly(ε-Caprolactone)-grafted (PCL) Dextran Copolymers

The combination of biodegradable hydrophobic polyesters with biodegrad-
able hydrophilic dextran leads to completely biodegradable amphiphilic
polymer architectures with promising properties, useful as environmentally
friendly surfactants or as a matrix in drug delivery systems. For instance,
the synthesis of PLA-grafted dextran copolymers obtained by ring-opening
polymerisation (ROP) of lactide with dextran in presence of stannous octoate
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was described [380–384]. A controlled synthesis of the amphiphilic PLA-
grafted dextran copolymers was achieved by partial silylation of the hydroxyl
functions in dextran, with subsequent ROP of the lactide with the remain-
ing hydroxyl groups and, finally, the deprotection of the silyl ether [216,
217, 385, 386]. A three-step procedure was also suggested by Ydens [215] and
Nouvel [216, 217] for the controlled synthesis of amphiphilic PCL-grafted
copolymers of dextran (Fig. 63).

The remaining hydroxyl groups of partially silylated dextran may initiate
the ring-opening polymerisation of ε-caprolactone (Cl). Through a controlled
silylation reaction, the number of hydroxyl groups available for further ROP
of ε-caprolactone is adjusted. The hydroxyl groups along the silylated dex-
tran backbone are catalytically activated by AlEt3 or Al(O-isoPr)3 at 60 ◦C in
toluene or Sn(Oct)2 at 100 ◦C (Table 17).

Assuming that each hydroxyl group initiates the ring-opening poly-
merisation of ε-caprolactone (well-known as “living” character of the
“coordination–insertion” mechanism), high efficiency of grafting is ob-
served, including the control of the average length of every PCL branch
(DPPCL) and the average number of grafts per glucosidic unit (Ng) (Table 17).

The third step is the deprotection, i.e. splitting off the trimethylsilyl groups
under mild conditions (THF, aqueous HCl). Both the silylated and the de-
protected PCL-grafted dextran copolymers are semicrystalline with a melting
temperature of 57 ◦C, attributed to the PCL grafts. The PCL-grafted dextran
copolymers with low PCL content are soluble in water but insoluble in organic
solvents such as toluene or THF. For high PCL content, the solubility in wa-
ter is limited. The amphiphilic copolymers show a decreased surface tension
compared to dextran. An aqueous solution of dextran T10 (Mn 6600 g mol–1)
has a surface tension in the range of water (73 mN m–1). PCL-grafted dex-
tran copolymer with a PCl weight fraction (FPCl) of 0.20 and a DPPCL of 6.6
displays a surface tension of 54 mN m–1 in aqueous solution (5 g L–1).

Fig. 63 Controlled synthesis of poly(ε-caprolactone) grafted onto dextran via partially
silylated dextran
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Table 17 Dependence of the weight fraction of poly(ε-caprolactone) (PCL) grafted on
silyldextran on the catalysator and the initial weight fraction of ε-caprolactone by ROP
in toluene

Silyldextran [Cl]/[OH] Catalyst a fCl
b FPCl

c ALPCL
d Mn Mw/Mn

DS Mn

2.8 e 10 100 20 Al(Et)3 0.64 0.41 13 34 700 1.4
2.8 e 10 100 20 Al(OiPr)3

g 0.64 0.20 6.6 11 600 1.2
2.6 e 12 600 20 Al(OiPr)3 0.77 0.73 18 31 300 1.4
2.6 e 12 600 30 Al(OiPr)3 0.83 0.77 30 28 300 1.3
2.8 e 10 100 20 Sn(Oct)2 0.64 0.50 17 36 500 1.5
2.7 f 32 900 5 Sn(Oct)2 0.32 0.26 5 34 300 1.6
2.7 f 32 900 10 Sn(Oct)2 0.50 – – 43 100 1.7

a Molar ratio of [catalyst]/[OH] = 0.05
b Initial weight fraction of ε-caprolactone
c Weight fraction of ε-caprolactone in the copolymers determined by gravimetry
d Average length of every PCL branch
e 60 ◦C, 68 h, dextran T10
f 100 ◦C, 44 h, dextran T40
g Molar ratio = 0.02

Well defined amphiphilic PCL-grafted dextran copolymers have been used
to prepare nanoparticles by the nanoprecipitation technique in water. The
copolymers were first dissolved in DMSO at 50 ◦C and then added drop-wise
under vigorous stirring into a large volume excess of water thermostated at
50 ◦C. The suspension turned opalescent as a result of colloidal nanopar-
ticle formation and was dialysed against distilled water to separate DMSO.
The nanoparticle suspension was finally concentrated and is stable over
a period of 3 weeks. The apparent mean diameter of the nanoparticles is
close to 200 nm with a narrow size distribution. Such behaviour suggests
a core-shell structure consisting of a hydrophobic PCL core surrounded
by a hydrophilic dextran shell, which prevents rapid agglomeration [387,
388].

7
Outlook

Dextran is a unique polysaccharide because of its structure (only glucose
units), purity, defined branching pattern depending on the microbial sources
and defined molecular weight. Today, it is produced on a commercial scale
resulting from optimised biotechnological processes for the biosynthesis of
dextran using preferably Leuconostoc mesenteroides.
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The commercial availability and the outstanding features of this import-
ant biopolymer make it a desired starting material for products in biological
and medical applications where reproducible properties and biocompatibil-
ity are essential prerequisites. In addition, dextran is of growing interest for
the construction of supramolecular architecture because of the flexibility of
the 1 → 6 linked polymer backbone. The use of dextran and its derivatives
is focused on the synthesis of advanced materials and bioactive compounds.
An additional aspect of dextran is its conformity with the principles of green
chemistry because it calls for the design of biodegradable end products, prin-
cipally by employing starting materials from renewable resources. Together
with other polysaccharides, dextran will become an important starting mate-
rial; however, it requires detailed understanding of various aspects including:

• Biosynthesis to obtain dextran with controlled and reproducible molecu-
lar structure and molecular weight

• Controlled biosynthesis to design the material with controlled reactivity
and in a special shape, e.g. as nanoparticles

• Solubility in simple, non-toxic media and understanding of activation
prior to a modification reaction by methods that meet the principles of
green chemistry

• Details of the reaction steps both by chemical and biochemical (enzyme-
catalysed) conversions

• Functionalisation of the polymer backbone through reaction of the hy-
droxyl groups (esterification and etherification), nucleophilic displace-
ment reactions, oxidation and selective reactions at the terminal reducing
ends

• Modification of the biopolymer with naturally occurring molecules in
order to obtain completely bio-based materials.

A huge variety of functionalisation reactions on dextran have been car-
ried out over the last three decades. In comparison to other polysaccharides
such as cellulose and starch, the esters of simple carboxylic acids and short
chain alkyl ethers did not find significant interest. In contrast, the sulfuric
acid halfesters of dextran (dextran sulfates) are among the most promising
polysaccharide derivatives in the pharmaceutical field. A variety of highly
functionalised dextran sulfates are commercial products. They exhibit pro-
nounced anticoagulating, cancerostatic, antiviral and even antiprion activity.
Nevertheless, the chemical structure of the polysaccharide derivative was not
specifically modified for most of the investigations towards the bioactivity of
dextran sulfates, i.e. it was not considered as a parameter of influence for their
effectiveness. From the authors’ point of view, this is one of the weaknesses
of the majority of the studies in the field. The comprehensive analysis of the
derivatives and a defined variation of structural features, such as the amount
of sulfate groups and their distribution within the basic units and along
the polymer chain, should be used for the establishment of the structure–
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property relationship. The need for selective synthesis and analysis is even
more pronounced in the case of mixed derivatives such as carboxymethylated
dextran sulfates, which are investigated as heparin mimics. Only the exploita-
tion of structure–property relationships can lead to products with tailored
biological activity.

The search for new synthesis tools for the binding of different chemical
functionalities onto dextran is stimulated by the growing number of poorly
water soluble pharmaceuticals, which can be bound to the polymer to in-
crease their bioavailability and to protect them from fast metabolism. There
is still a need for efficient reagents that can realise the conjugation of the
polymer with the bioactive molecule without pronounced side reactions and
side products. For most of the modification methods, the detailed mechan-
isms and structures are poorly understood, as in case of the broadly used
conjugation reactions with cyanogen halides. Esterification reactions of dex-
tran after in situ activation of the corresponding carboxylic acids with effi-
cient, non-toxic reagents such as CDI have demonstrated its usefulness. These
approaches guarantee fast and complete conversion to structurally homo-
geneous derivatives giving only non-toxic and easily removable by-products.
In addition to the binding of drugs, they are also applied to the introduc-
tion of photo cross-linkable substituents. The preparation of hydrogels and
nanostructured materials is achieved. The fine-tuning of the chemical struc-
ture results in compounds with an adjusted hydrophilic–hydrophobic balance
or with environmental sensitivity. Moreover, modified dextran is of growing
interest in the field of surface modification. In this case, ionic substituents
are introduced to yield self assembly via electrostatic interactions or specific
binding on a surface, initiated by using substituents capable of recognition
effects such as thiol moieties.

All in all, it is obvious that dextran will gain increasing importance as
a carrier material in pharmaceutical applications, as a basis for bioactive
derivatives and as a nanostructured device. Dextran and modified dex-
trans should always be considered as a biocompatible material with a high
structure-forming potential.
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