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Foreword

The ACS Symposium Series was first published in 1974 to provide a
mechanism for publishing symposia quickly in book form. The purpose of
the series is to publish timely, comprehensive books developed from the ACS
sponsored symposia based on current scientific research. Occasionally, books are
developed from symposia sponsored by other organizations when the topic is of
keen interest to the chemistry audience.

Before agreeing to publish a book, the proposed table of contents is reviewed
for appropriate and comprehensive coverage and for interest to the audience. Some
papers may be excluded to better focus the book; others may be added to provide
comprehensiveness. When appropriate, overview or introductory chapters are
added. Drafts of chapters are peer-reviewed prior to final acceptance or rejection,
and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review papers are
included in the volumes. Verbatim reproductions of previous published papers
are not accepted.

ACS Books Department
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Preface

Functional materials have been always of interest for human beings, and the
everlasting quest for novel, tailored materials has evidently been having a decisive
impact on the survival, development, and prosperity of our mankind.

Looking back into distant human history, it appears to be nearly impossible
for most people to imagine that there had been a period of about five million years
in which people have lived almost exclusively from renewable resources. In this
period, the human race learned to develop novel functional materials, driven by the
demand to bemore successful in hunting and gathering, to protect themselves from
natural phenomena, to be more effective at fieldwork, to outmatch their enemies,
to improve communication, or to realize higher prices for handcraft and special
products.

Archeological collections or historical museums are places that are suitable
to convey an impression of the multitude of functional materials that have been
created driven by the genius and aptitude of human beings. Humans succeeded
to manufacture knifes, axes, or arrows that had blades or tips from flintstone or
obsidian, they found access to metals and invented alloys such as bronze, they
manufactured tools, commodity, armor, and weapons from it, they used plant
ash as fertilizer and charcoal as soil conditioner, they learned to prepare soap
from potash and animal fat, to weave clothes from linen, wool, or silk, to tie
ropes from hemp or sisal fibers, to caulk their fishing boats with oakum, and
they discovered the hydraulic binding ability of puzzolanic soil that was from
that point on used as a high-performance cement in combination with lime,
quarrystone, and sheathings from highly porous tuff stone (opus caementicium,
40 B.C.). Early they discovered that a blue dye can be obtained from dyer’s weed
or the Indian Indigo plant by fermentation with urine and potash and subsequent
air oxidation (ca. 4000 B.C.), that hides and skins are more durable and less
susceptible to decomposition when tanned (2500 B.C.), and that charcoal powder
in combination with saltpeter and sulfur can be used as gun powder. Felts tough
enough to form construction materials were produced by matting, condensing,
and pressing woolen fibers, linen sheaths soaked with chemicals or skins made
from animal intestines were softened by treatment with sulfur and lye and used
as condoms, aqueous suspensions of plant fibers were processed to paper, and
celluloid – a mixture of cellulose nitrate and camphor – has been used as ivory
substitute, as transparent carrier for photographic films, as liquid plaster, and is
still used in high-quality table tennis balls.

Even though an incredible long list containing thousands and thousands
of other examples could be compiled – some of them keystones in mankind´s
advancement, others just minor proofs of men’s unlimited ingenuity – functional

xi
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materials have always accompanied the development of the human race. Since
the beginning of the industrial age about 200 years ago, evolution and design
of novel materials has literally undergone a leap with respect to number,
performance, and level of sophistication However, the breathtaking technical and
technological development within this short period of human history has also led
to a considerable depletion of fossil resources mainly caused by the global energy
demand that rose simultaneously at a virtually explosive rate. The enormous
annual exploration rates, which added up to 2,940 × 109 m³ of natural gas, 4.22
× 109 tons of crude oil, and 6.38 × 109 tons of coal only for the year 2007, will
in not-so-far future inevitably exhaust the remaining reserves and undermine
the foundations of the current wealth of large proportion of our civilization. It
is commonly acknowledged that the fossil reserves will be exhausted within a
comparatively short period of time, which will be most likely not much longer
than the time elapsed since the presentation of the first photographic image
(Niepce 1826), the discovery of rubber vulcanisation (Goodyear 1839), or the
development of the first synthetic dye (Perkin 1856).

After the turn of themillennium, we have now approached a time periodwhere
the public awareness for the finite nature of fossil resources and the necessity of
using renewable sources has reached an encouraging level. Today, renewables are
still beingmainly used for energy production. However, it is safe to assume that the
focus of future resource utilization strategies will increasingly move from energy
to materials and platform chemicals; novel, more efficient energy technologies
based on wind, water, solar energy or − controversially − nuclear power are at
hand, while renewable resources are the only alternative to fossil ones as origin of
organic carbon and thus the basis of chemicals and materials.

Today, the relatively young term “biorefinery” tries to encompass all
approaches aiming on the production of chemicals or materials from aquatic or
terrestrial biomass either by extraction, fractionation, modification, or physical,
chemical, and biotechnological conversion processes. Furthermore, broad
consensus exists that the operating efficiency of biorefinery units largely depends
on the profitability of all product lines and the value of individual products.
This implies that any sustainable biorefinery approach must use up not only one,
but all plant constituents which would be cellulose, hemicelluloses, lignin, and
extractives in the case of wood.

Following this concept, substantial advances have been recently made with
respect to the development of innovative, biopolymer-based functional materials
using both up-to-date synthetic and instrumental-analytical tools. Current research
in this field − to name but a few examples − targets electronic, photonic, magnetic,
and hemocompatible high-performance functional materials, is increasingly
based on bionic principles and bioinspiration, and uses sophisticated methods for
tailoring the properties for special applications. Nano (NEMS), micro (MEMS),
and bio-micro electromechanical systems (bioMEMS) are further hot topics in
functional material’s research as billions of such devices are already manufactured
annually for sensing, ink jet printing, automotive applications, communications,
and medicine.

The present book, “Novel Functional Materials from Renewable Resources”,
has been prepared with the intention to convey an impression of the current state

xii
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of research in this field , and to reflect the ample activities in this field that are
currently going on worldwide. The compilation of topics is based on presentations
given during the 241 Annual Spring Meeting of the American Chemical Society,
held in Anaheim in March 2011, at a series of sessions of the ACS Cellulose
division.

May this book awake and sustain the curiosity of our readers to discover an old
and new fascinating field of research that will hopefully contribute to the further
wealth of future generations and to reasonable global resource management that
will not be stopped by ignorance or lobbying.

Break-proof Pyrex glass was discovered twice in history with a time span
of about 1900 years between the two events.

When Tiberius, the second emperor of the Roman Empire, heard about the
existence of a glass-maker about whom was said that he would be able to
make break-proof glass, he urged the man to appear at his court. When
the glass-maker arrived he presented a beautiful transparent vase made
of Martiolum to the emperor. To demonstrate the intriguing properties
of his functional material he threw the vase to the ground and − it did
not shatter into sherds. While the spectators were stunned, frightened or
even thought of wizardry, the emperor kept calm and just made inquiries
about the material and the names of people that might also know the
secrets of its manufacture. After having made sure that the glass-maker
was the only secret-keeper of Pyrex glass production, the emperor had the
glass-maker put to death and his factory destroyed to be the only owner
of break-proof glassware. − Today, Pyrex is one of the most important
source of lab glassware for the material’s chemist.

(based on John Emsley, Molecules at an Exhibition, Oxford University
Press, Inc., New York, 1998)

Falk Liebner and Thomas Rosenau, February 2012
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Chapter 1

High-Modulus Oriented Cellulose Nanopaper

Wolfgang Gindl-Altmutter,*,1 Stefan Veigel,1 Michael Obersriebnig,1
Christian Tippelreither,1 and Jozef Keckes2

1Department of Materials Scvience and Process Engineering,
BOKU-University of Natural Resources and Life Science,

Konrad Lorenz Stzrasse 24, A-3430 Tulln, Austria
2Erich Schmid Institute of Materials Science, Austrian Academy of Sciences

and Institute of Metal Physics, University of Leoben, Jahnstrasse 12,
A-8700 Leoben, Austria

*E-mail: wolfgang.gindl@boku.ac.at

Thin sheets of nanopaper were prepared from cellulose
nanofibrils (CNF) obtained by means of high-pressure
homogenisation of dissolving-grade beech pulp. Untreated pulp
and pulp pre-treated by TEMPO-mediated surface oxidation
were used, which resulted in significant differences in structure
and mechanical performance of the nanopaper specimens.
Overall, surface-oxidized CNF were characterized by reduced
diameter, reduced crystallinity, and reduced crystallite thickness
compared to untreated CNF. Nanopaper produced from
surface-oxidized CNF showed better mechanical performance
than untreated nanopaper with regard to tensile strength and
modulus of elasticity, and also exhibited higher failure strain
indicating better toughness. While stretching experiments with
the aim of inducing preferred orientation failed with untreated
nanopaper, surface-oxidized nanopaper could be stretched up
to 30% elongation. Stretching resulted in a high degree of
preferred orientation of CNF parallel to the direction of induced
elongation as shown by wide-angle x-ray scattering and AFM.
The mechanical performance of nanopaper improved to a
tensile strength of up to 380 MPa and a modulus of elasticity
up to 46 GPa parallel to the direction of preferred orientation.

© 2012 American Chemical Society
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Introduction

The tensile properties along the chain of the cellulose macromolecule are
excellent. With a chain elastic modulus in the order of 140 GPa and a tensile
strength of 7.5 GPa, as obtained from theoretical predictions and molecular
simulations, cellulose I, the crystal allomorph which occurs naturally in plants,
is well competitive with technical fibers such as glass, carbon and polyaramide
(1). Plant tissue is porous and exhibits a complex hierarchical arrangement of
its constituent polymers cellulose, hemicellulose, pectin, and lignin. Because of
the inferior properties of non-cellulosic cell-wall building blocks such as lignin
and hemicellulose compared to cellulose, the mechanical properties of plant
fibers are obviously well below the maximum values inherent to pure cellulose
(2). In order to exploit the full mechanical potential of cellulosic plant fibers,
it is therefore necessary to remove non-cellulosic components. Subsequent
mechanical disintegration of cellulosic plant material down to nano-scale
further improves its suitability for reinforcement. Nano-scale cellulosic objects
obtained in this procedure are termed cellulose nanofibrils (CNF) and cellulose
nanocrystals (CNC). CNF are long and slender, ideally with diameters from 4-20
nm, but frequently also up to 100 nm, and have an aspect ratio in the order of 100
or more (1). The diameter of CNF, which depends on the source of cellulose and
on the type of processing, is critical for the performance of materials produced
thereof (3, 4).

The modulus of cellulose I nanofibrils (bacterial cellulose) was measured
directly by means of a three-point bending experiment in the AFM (5). For fibrils
with diameters ranging from 35 to 90 nm, a value of 78 ± 17 GPa was obtained.
By Raman spectroscopy, the modulus of elasticity of bacterial cellulose fiber
networks was determined and an estimate of 114 GPa was inferred for single
cellulose fibrils (6). In view of a reference value of 140 GPa for crystalline
cellulose I (7), this value seems plausible considering the fact that CNF consist of
both highly ordered crystalline domains and less ordered non-crystalline domains.
Through an additional processing step involving hydrolysis of non-crystalline
domains by strong acid, CNC are obtained (8). With the exception of CNC from
tunicates, which can be up to 4 µm in length, CNC exhibit significantly lower
aspect ratio than CNF. AFM three-point bending experiments showed a modulus
of elasticity of 145 - 150 GPa for tunicate CNC with cross-sectional dimensions
of 8 × 20 nm and several micrometers in length (9).

The excellent mechanical reinforcement potential of CNF and CNC, as
well as other interesting features like low thermal expansion <8.5 ppm K-1

(10) and liquid crystalline properties of CNC (11) have recently inspired a high
number of studies covering a very broad range of potential applications of
nanocellulose (12–16). Owing to the nature of the production process of CNF-
or CNC-reinforced composites, which is casting from suspension and subsequent
evaporation of the liquid in the vast majority of studies, the fibril orientation is
best approximated by in-plane random. According to micromechanical models
(17), the in-plane elastic modulus in such a case is at best 3/8 of the fibril
modulus scaled by the fibril volume fraction. Therefore it is desirable to orient
the reinforcement in order to fully exploit its potential. In the case of CNC, this

4
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goal has been achieved by means of two fundamentally different approaches,
i.e. the use of strong electric or magnetic fields on the one hand, and the use of
shear-based methods on the other hand. At field strengths above 1 kV cm-1 CNC
align parallel to an AC electric field (18), whereas alignment perpendicular to the
field is observed in a magnetic field of 7 T (19). Shear-based methods comprise
spin-coating, where CNC orient parallel to the centrifugal forces on a rotating
disc (20). In a rotating drum filled with CNC suspension, CNC orient parallel to
the direction of rotation due to shear within the suspension along the inner wall
of the drum (21). Finally, drawing leads to high orientation of CNC as shown
for CNC-reinforced poly(vinyl alcohol) fibers (22) and cellulose self-reinforced
films (23). In contrast to CNC, CNF are more difficult to align, because they
are much longer and flexible, and thus more prone to entanglement than CNC,
which are essentially short, rigid crystalline rods. However, CNF dispose of
two major advantages with regard to polymer reinforcement compared to CNC.
Firstly, both CNC and CNF are very stiff compared to the surrounding polymer
matrix in composite applications. In such a case high aspect ratio as found for
CNF ensures ample fiber-matrix contact area and thus optimum loading of the
fiber through interfacial stress transfer. Secondly, CNF are easier to prepare
than CNC, which require the additional processing step of acidic hydrolysis, and
are thus less costly. Since drawing of moistened films proved a very successful
approach for regenerated cellulose films (24), the present study aims at examining
the possibility of producing CNF nanopaper sheets with high degree of preferred
orientation according to this method.

Materials and Methods

Preparation of Cellulose Nanopaper

For the preparation of cellulose nanofibrils, never dried dissolving grade
beech-wood pulp (Lenzing AG, Lenzing, Austria) with an initial solid content of
about 50%was used as a starting material. Cellulose surface oxidation was carried
out according to Saito et al. (25) with 2,2,6,6-tetramethylpiperidinyl-1-oxyl
(TEMPO) as the catalyst and sodium chlorite as a primary oxidant under neutral
conditions. Firstly, 2 g of never-dried pulp (i.e. 1 g of dry weight) was suspended
in 0.05 M sodium phosphate buffer (90 ml) in an Erlenmeyer flask. Then, 0.016
g TEMPO and 1.13 g sodium chlorite were added. A 1.34 M solution of sodium
hypochlorite was diluted to 0.1 M with 0.05 M sodium phosphate buffer, and 10
ml of the 0.1 M sodium hypochlorite solution were added to the flask. Thereafter,
the flask was sealed and the pulp suspension was stirred at 60 °C for 2 h, 6
h, and 48 h. Finally, the oxidized cellulose was filtered off from the reaction
solution and washed repeatedly with distilled water to remove the residues of
the oxidizing agents. Samples of treated cellulose and untreated cellulose were
diluted to a solid content of 0.5% and fibrillated with 20 passes in an APV
high-pressure homogenizer at 800 bar. For the production of cellulose nanofibril
sheets, cellulose suspension corresponding to 1.5 g cellulose was poured into a
petri dish with a diameter of 195 mm. Water was evaporated at room temperature

5
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after an evacuation step for the removal of air bubbles. After 48 h the films were
ready to be transferred to standard climate (20 °C, 65 % relative humidity) for
final conditioning before further processing and characterization.

Stretching and Mechanical Characterization

Strips with a width of 6 mm and a length of 60 mm were cut from dry sheets
of nanopaper. Wood veneer patches were glued to the ends of the strips by means
of hot-melt adhesive in order to protect the nanopaper specimens from damage by
the grips of the universal testing machine, to which they were attached. Before
stretching, the nanopaper samples were moistened by spraying them with distilled
water. After a desired stretch of 15 % or 30 %, respectively, was attained, the
samples were dried by means of hot air while still fixed in the testing machine.
A higher degree of stretch could not be achieved due to specimen failure. Dry
specimens, both stretched and unstretched, where prepared for mechanical testing
by fixing wood veneer patches to the samples at a distance of 40 mm. Thus the
tested length of 40 mm consisted only of nanopaper with desired stretch of 0 %,
15 %, and 30 %, respectively. The specimens were tested in tension parallel to the
direction of stretch, using a Zwick-Roell universal testing machine equipped with
a 2.5 kN load cell and a video extensometer for non-contacting measurement of
extension. For each type of sample, at least ten specimens were tested.

Structural Characterization

Wide angle x-ray scattering was performed on a Bruker Nanostar. 2D
detector image were acquired and evaluated by means of Fit2D software. The
radial distribution of scattered intensity was used to calculate the crystallinity of
the fibrillated material. The total area under the scattering intensity distribution
curve was integrated numerically and the contribution of non-crystalline material
(non-crystalline cellulose and potentially residual hemicellulose) was estimated
according to ref. (26). The crystallinity Xc was then calculated according to
equation 1

where Itot is the total area under the curve and Ia is the estimated area contributed
by non-crystallin material. Furthermore the width of cellulose crystallites was
evaluated using the full width at half maximum (FWHM) of the cellulose 200
reflection by means of Scherrer’s formula (equation 2),

where λ is the x-ray wavelength (0.154 nm), K is a shape factor with a typical
value of 0.9, FWHM is the peak width at half maximum in radians and θ is the
peak position. For the quantification of the degree of preferred orientation, the
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azimuthal distribution of scattering intensity of the cellulose I 200 reflection, which
is perpendicular to the direction of the cellulose chain, was evaluated by means of
equation 3.

The orientation factor cos²θ obtained from equation (2) equals 1/3 at random
orientation and 1 at unidirectional orientation parallel to the direction of reference.
In order to evaluate the CNF geometry, in particular the fibril diameter, topography
images of nanopaper surfaces were acquired by means of a Bruker AFM.

Results and Discussion

Structure and Properties of Random-Oriented Nanopaper

Sheets of cellulose nanopaper obtained from untreated CNF and CNF treated
by TEMPO-mediated oxidation differed in their optical appearance, structure,
and mechanical properties. The average thickness of both sets of nanopaper
was 25 – 30 µm. Specimens consisting of untreated CNF showed little optical
transparency, whereas excellent transparency was observed for sheets made from
TEMPO-oxidized CNF (Figure 1). This difference in optical appearance closely
correlates with a significant difference in CNF diameter as revealed by AFM
(Figure 2).

Figure 1. Different optical transparency of untreated cellulose nanopaper (left)
and nanopaper prepared from CNF treated by means of TEMPO-mediated

oxidation (right).
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While the average diameter is 21±3.5 nm for untreated CNF, this value
diminishes to 15±3.2 nm for TEMPO-oxidized CNF. As revealed by Nogi et al.
(27), a low fibril diameter and small surface roughness is essential with regard
to optical transparency. Wide-angle x-ray diffraction revealed further effects
of TEMPO-oxidation on CNF structure apparent from diffractograms shown in
Figure 3. Treatment resulted in a significant decrease in relative peak height of
the strongest reflection (cellulose 200) indicating reduced crystallinity, and in
a broadening of this peak indicating reduced crystallite size. Both effects were
strong already after 2 h treatment (Table 1).

Figure 2. Flattened topography images (AFM) of untreated CNF (left), and
TEMPO-oxidized CNF (right). Scan size was 500x500 nm.

Table 1. Crystallinity and crystallite width of different kinds of CNF

Xc d200 (nm)

Untreated 0.51 4.14

2h TEMPO-oxidized 0.38 2.83

6h TEMPO-oxidized 0.37 2.69

48h TEMPO-oxidized 0.36 2.68

Prolonged treatment only slightly enhanced this effect, indicating that
TEMPO-mediated oxidation readily affects accessible cellulose at the surface of
crystallites (28), thus diminishing their size, but probably proceeds much more
slowly into the densely packed crystalline domains. Results of tensile tests with
nanopaper specimens are summarized in Figure 4.
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Figure 3. X-ray diffractograms for untreated CNF and CNF treated by
TEMPO-mediated oxidation for different reaction times.

Overall, the mechanical performance of nanopaper specimens tested in the
present study conforms well with the range of values of 6–15 GPa for the modulus
of elasticity, 95–240 MPa for tensile strength, and 2–10 % failure strain compiled
in a recent extensive review of the literature (1). With the exception of the tensile
strength of specimens consisting of 48 h treated CNF, all values showed a trend
towards improvement with treatment time. Improvements in strength and failure
strain are best explained by the observed decrease in fibril diameter (3).

With regard to the modulus of elasticity, fibril diameter should not be
of relevance at first view, because the modulus of elasticity of a polymer is
determined by the intrinsic modulus of the polymer chain and the degree of
preferred orientation of the chains (29). However, in paper-like networks also
fibril-fibril interaction at points of overlap is critical (30). It is assumed that fibril
interaction is facilitated by thinner fibrils in treated nanopaper, which therefore
shows higher modulus.
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Figure 4. Results of tensile experiments with nanopaper from CNF and from
CNF treated by TEMPO-mediated oxidation for different reaction times (average

values and standard deviation).
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Nanopaper with Preferred Orientation Due to Stretching

Stretching experiments were performed with nanopaper specimens consisting
of untreated CNF and CNF treated by TEMPO-mediated oxidation. Untreated
CNF nanopaper could not be stretched in moist condition, because it readily
fractured at low strain. By contrast, nanopaper produced from TEMPO-oxidized
CNF was stretchable up to 30% strain. (Figure 5).

Figure 5. TEMPO-oxidized cellulose nanopaper specimens in unstretched
condition (left) and after stretching to 15 % and 30 % elongation, respectively.

This remarkable difference indicates a higher degree of plasticity in the
fibril-fibril interaction of TEMPO-oxidized CNF and corresponds well with
the overall higher failure strain of TEMPO-oxidized nanopaper compared to
nanopaper from untreated CNF (Figure 4). It is proposed that in dry nanopaper
fibril-fibril hydrogen bonds between untreated CNF are more stable compared
to hydrogen bonds between partially oxidized fibrils as found in nanopaper
produced from CNF modified by TEMPO-mediated oxidation, which explains
the higher plasticity found in the latter. The extensibility of oxidized nanopaper
in moist condition may also be favoured by repulsive forces between CNF due
to surface charge resulting from the treatment procedure (28). The degree of
orientation and also ensuing mechanical properties after stretching did not show
significant effects of the time of treatment by TEMPO oxidation, which is why
average values of all three treatment groups are discussed in the following section.
The specimens retained their initial optical transparency also after the stretching
experiments (Figure 5).
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Figure 6. Wide angle x-ray scattering 2D detector images of nanopaper from
TEMPO-oxidized CNF in unstretched condition (left), and after stretching to 15
% and 30 % elongation, respectively. Distinct intensity peaks of the cellulose 200

reflection indicate a high degree of preferred orientation.

Figure 7. Flattened topography image of TEMPO-oxidized CNF nanopaper after
stretching to 30% elongation in wet condition and subsequent drying. AFM scan

size was 500x500 nm.
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Wide-angle x-ray scattering revealed a significant degree of preferred
orientation in the stretched nanopaper specimens (Figure 6). The orientation
factor cos²θ increased from 1/3 in unstretched condition to 0.71 after 15%
stretching and 0.83 after 30% stretching. This high degree of preferred orientation
is quite remarkable in view of the fact that the average degree of orientation
(considering both crystalline and non-crystalline domains) in a standard lyocell
fiber is equivalent to a cos²θ value of 0.75 (24). An AFM-image of the surface of
a specimen stretched to 30% elongation confirms the high degree of alignment
achieved with the chosen stretching procedure (Figure 7).

The results of tensile tests with unstretched and stretched nanopaper reflect
the changes in preferred orientation achieved by stretching in wet condition and
subsequent drying (Figure 8). The modulus of elasticity and tensile strength
increase strongly, whereas the strain at failure diminishes with increasing
orientation. The average modulus of elasticity of 46 GPa measured for specimens
stretched to 30% elongation is well superior to comparable materials, e.g.
regenerated cellulose films (26 GPa, ref (24)) and regenerated cellulose films
reinforced with undissolved cellulose I (33 GPa, ref (23)). The latter materials
were stretched in an identical procedure as the one used in the present study,
whereby a maximum degree of elongation of 50% was achieved, yet with
significantly lower ensuing degree of orientation (cos²θ value of 0.75 vs. 83 in
the present experiment). A similar stretching procedure was used by Bohn et
al. (31) for never-dried bacterial cellulose films. They used a simple orientation
parameter OG = (180-FWHM)/180 for the quantification of the degree of
preferred orientation. The specimens with best performance in terms of elastic
modulus achieved an average value of 25 GPa at OG = 0.62. This value of OG is
modest compared to a value of OG = 0.79 calculated according to the procedure
of Bohn et al. (31) for specimens stretched to 30% in the present study, thus
explaining the low modulus of oriented bacterial cellulose sheets. Orientation of
CNF from wood pulp was also achieved by direct spinning of an aqueous CNF
suspension into acetone (32). At a degree of orientation OG = 0.72 the modulus
of elasticity of hollow fibers obtained in this procedure was 24 GPa.

While the modulus of elasticity of stretched nanopaper clearly surpasses that
of comparable cellulosic materials, the tensile strength is only in the same order
of magnitude as found for stretched regenerated cellulose-based films (23, 24),
and spun CNF fibers (32). With an average value of 380 MPa for nanopaper
stretched to 30%, the material prepared in the present study is clearly inferior
to stretched bacterial cellulose films, which achieved average strength up to
450 MPa (31). Here it has to be considered that with regard to tensile strength,
bacterial cellulose fibrils represent an optimum material because of their high
inherent degree of polymerization (33) compared to dissolving-grade pulp used
in the present study. Also, bacterial cellulose fibrils do not have to be treated by
high-pressure homogenization, which is potentially damaging to tensile strength,
because they are naturally synthesized in the form of nano-scale fibrils in a
controlled biological process.
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Figure 8. Results of tensile experiments with nanopaper from CNF treated by
TEMPO-mediated oxidation in unstretched condition and after stretching to
15 % and 30 %, respectively, plotted over the degree of preferred orientation

(average values and standard deviation).
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Conclusion

The results presented in the section above demonstrate that TEMPO-mediated
oxidation facilitates the stretching of CNF nanopaper in wet state. Stretching leads
to a high degree of preferred orientation of CNF parallel to the direction applied
strain. In dry state, stretched nanopaper is characterized by a superior modulus of
elasticity, and good tensile strength, yet small strain at failure.
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Chapter 2

Strategies for Preparation of Oriented Cellulose
Nanowhiskers Composites

Elena Ten,*,1 Long Jiang,2 and Michael P. Wolcott1

1Composite Materials and Engineering Center, Washington State University,
P.O. Box 641806, Pullman, Washington 99163-1806

2Department of Mechanical Engineering, North Dakota State University,
P.O. Box 6050 Fargo, North Dakota 58108-6050

*E-mail: elena.ten@email.wsu.edu

Due to hierarchical structure of cellulose, its building blocks
known as “cellulose nanowhiskers” (CNW) have raised a great
deal of research interest over the last decades. Natural affinity
of CNW for self-assembly and structural anisotropy allow them
to orient under external forces. This book chapter provides a
review on the major developments in fabrication techniques
of CNW alignment in polymers. First, we will present
self-assembly phenomenon of CNW in aqueous medium.
Following this, the book chapter will focus on discussion of
major strategies reported in the literature on aligning CNW
in polymer by external forces: mechanical and by applying
electric and magnetic fields. Further, the chapter highlights
recent developments in cellulose composite fibers and aligning
CNWs by electrospinning and wet-spinning techniques. As
insights are gained into CNW reinforcement mechanisms and
processing options, future research directions and potential
applications are anticipated. These potential application areas
will be briefly introduced as well.

© 2012 American Chemical Society
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Introduction

Over the past century, increased production of plastics has raised serious
concerns about their impact on the environment. Reduced capacities of landfills,
environmental persistence, harm to marine mammals, greenhouse gas emission,
and fossil fuel depletion are a few examples of environmental and economic
concerns. Although today the proportion of plastics recycled or reused is gradually
increasing, only part of the plastics produced can be recovered. Moreover, not
all plastics are suitable for recycling or reuse (e.g., contamination of plastic by
other materials and additives, non-reshaped properties of thermosetting materials,
and poor compatibility of blends) (1, 2). As a result, the volume of plastics
discarded annually creates a substantial plastic waste disposal issue, and the
concept of developing sustainable materials systems has gained great attention
from scientists and engineers. Global sustainability relies on renewable sources
of materials and energy; and use of natural polymers is of current interest.

By using biomass as a feedstock to produce renewable plastics we reduce our
dependence on fossil fuels and materials. In addition, these biobased polymers
often display enhanced biodegradability and biocompatibility, benefitting diverse
applications ranging from packaging to medical devices.

Among naturally occurring renewable polymers, cellulose is the most
abundant biopolymer on earth. Cellulose is a polydisperse linear polymer of
β-(1,4)-D-glucose. One of the most promising uses of cellulose is in composites.
The structure of cellulose is hierarchical: cellulose chains aggregate into the
repeated crystalline structure to form microfibrils, which in turn aggregate into
larger macroscopic fibers that comprise plant cell walls. These fibers consist
of alternating crystalline and non-crystalline domains. Multiple mechanical
shearing processes can be used to obtain individual microfibrils usually called
“microfibrillated cellulose” (MFC). Network structure and high number of
entanglements of MFC restrict the mobility of microfibrillated cellulose in
polymer matrixes which in turn significantly influence mechanical properties of
MFC composites (3). Therefore, the scope if this chapter is to give prospective
on strategies of cellulose nanowhiskers orientation within polymer matrices.
The non-crystalline domains are weak spots along MFC. They can be dissolved
by a strong acid hydrolysis treatment. The remaining crystalline domains
are commonly referred to as “cellulose nanowhiskers” (CNW) or “cellulose
nanocrystals” (CNC) in the literature.

Cellulose nanowhiskers (CNWs) are needle-shaped highly crystalline fibrils
that naturally occur in many plants (e.g. wood, hemp, sugar beet, sisal, cotton,
and ramie), bacteria, and sea animals (e.g. tunicin). The most common method
to harvest CNW from natural fibers is sulfuric acid hydrolysis followed by
centrifugation. As already mentioned, the mechanism to isolate CNW is to destroy
and remove non-crystalline or paracrystalline regions which are present between
nanowhiskers through chemical reactions. The first report on the production
of nanostructured cellulose in solution was published by Rånby in 1951 (4). It
has been shown that CNW could be produced by controlled acid hydrolysis of
native, viscose rayon and wood mercerized cellulose fibers. CNW formed stable
suspensions of single crystals in water.
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Typical transmission electron image of CNW prepared from microcrystalline
cellulose is shown in Figure 1. Hydrolysis conditions such as temperature and
time influence the size (6–8) and stiffness (9) of the resulting CNWs. The sulfuric
acid treatment introduces sulfate groups to the surface of CNWs. The negative
charges on the CNW surfaces lead to high stability of aqueous CNW suspensions
(10). Most recent reviews summarize literature on cellulose nanoparticles in terms
of particle morphology, crystal structure, and properties (11), isolation processes
of CNW from wood and its application in nanocomposites (12) along with self-
assembly phenomenon and surface modification (13).

Figure 1. Transmission electron microscope image of cellulose nanowhiskers
obtained from microcrystalline cellulose (5). Reproduced with permission from

reference (5). Copyright 2010 Elsevier.

Since the first reports of using tunicate CNW as reinforcement for
poly(styrene-co-butyl acrylate) latex by Favier et al. (14, 15), cellulosic
nanocomposites have received a great deal of research interest, because their
environmental compatibility and superior mechanical and physical properties
make them good alternatives to commodity petroleum-derived plastics. Due to
abundance, low cost, high specific moduli (modulus over density), hierarchical
structure, stiffness of about 100-143 GPa (16–18) and high aspect ratio, CNWs
have found to be a good reinforcement agent for a wide variety of polymeric
matrices (19–41).

Even though mechanical performance of cellulosic nanocomposites has been
extensively investigated and many articles and review papers (11–13, 42–50) have
been published, industrial implementation of CNWs is still limited. The main
reasons are high costs of isolation and challenges of homogeneous dispersion
that require CNW surface modification. As a result, the reinforcing effect of
cellulose nanowhiskers in polymer matrices is often not as high as expected (5,
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41). One of the methods to control and tailor properties of nanocomposites is to
manufacture unidirectional composites. Ultimately, highly reinforced composites
can be manufactured by constructing several layers of unidirectional reinforced
films alternating orientations. The quantity of available data on aligned CNW in
polymer, however, is rather limited compared to randomly oriented composites.
Thus, this book chapter will introduce current ways of aligning CNW in polymer
matrices. The objective of this review is to present current developments in
preparation of oriented cellulose nanowhisker composites. Such review will
provide a useful guide in engineering cellulosic nanocomposites.

Self Assembly of CNW in Aqueous Solution

As mentioned earlier in the introduction, cellulose nanowhiskers prepared by
acid hydrolysis easily form highly stable colloidal suspensions. Above a critical
concentration, in order to minimize electrostatic interactions, the suspensions of
rod-like particles spontaneously form an anisotropic chiral nematic or cholesteric
liquid crystal phase (51).

These CNW suspensions self-organized into liquid crystalline arrangements
can be observed between cross-polarizers (birefringence) or by polarized optical
microscopy (typical fingerprint pattern indicative of a chiral nematic ordering).
Examples of a birefringent pattern or “birefringent glassy phase” of the HCl
hydrolyzed cellulose microcrystals followed by H2SO4 treatment (52) and
fingerprint texture of the chiral nematic phase of H2SO4-hydrolyzed bleached
hardwood pulp (53) are shown in Fig 2 (a) and (b), respectively.

Figure 2. (a) Birefringent pattern of highly viscous suspension of cellulose
nanocrystals prepared by postsulfating the HCl-hydrolyzed CNWs (7.1% solid
content) (52); Reproduced with permission from references (52). Copyright 2000
American Chemical Society. (b) “fingerprint” texture in chiral nematic phase
within the anisotropic region of a suspension of 10 wt% eucalyptus suspension
viewed under optical polarized microscope. Scale bar is 200 µm. Chiral nematic

pitch P = 17 µm (53). Reproduced with permission from references (53).
Copyright 2005 American Chemical Society.
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Marchessault et al. (54) were the first to describe formation of birefringent
gels based on cellulose and chitin aqueous suspensions of crystallites. The
concentration of cellulose in such gels was up to 13-15 wt%. The “liquid
crystalline” character of these gels was ascribed to the presence of parallel
alignments of the anisotropic cellulose crystallites (nematic order). Later, Revol
et al. (55) reported in vitro self-organization of aqueous suspensions of cellulose
crystallites into stable chiral nematic phases. These ordered suspensions solidified
upon evaporation of the water to give helicoid structures. Further, the colloidal
suspensions separation between upper isotropic and a lower anisotropic phase
was typically observed at as low as 3 wt% (55) and 4 wt% (56) of cellulose in
the suspension. The volume fractions of cellulose in the isotropic and anisotropic
phases were estimated to be 0026 and 0.028, respectively (56). Even lower solid
concentrations of cotton CNW (ca. 2-3%) were reported to be sufficient to form
stable birefringent pattern without orientation by shear flow (52). Whereas, for
bacterial cellulose (BC) suspensions, phase separation was observed at 0.3-1.2%
(57). In this study (57) Araki and Kuga reported that BC nanowhiskers can
undergo spontaneous nematic phase separation after complete desalination.
Moreover, the addition of a trace electrolyte (0.1 mM NaCl) changed the
phase separation behavior – the anisotropic phase became chiral nematic. The
volume ratio of anisotropic phase for cellulose suspension decreased with NaCl
concentration. The source of chiral interactions between CNWs was explained by
the change of nanocrystals shape from cylindrical to twisted geometry that was
induced by addition of an electrolyte. The same reason for twisted CNW structure
was suggested when CNW suspensions were sterically stabilized by poly(ethylene
glycol) polymer grafting (58). A later study (59) also demonstrated that aspect
ratio, shape of the nanocrystals, and ionic strength of the suspensions are the
most important factors governing the phase separation behavior. By altering the
salt contents of the suspension for a given source of CNW and set of hydrolysis
conditions, the films could be tailored to give different optical properties.

The chiral nematic microstructure of solid CNW films was studied by Roman
and Gray (60). Characterized by polarized optical microscopy (POM) and atomic
force microscopy (AFM), the microstructure revealed planar, polydomain areas
and areas with parabolic focal conic (PFC) defect structure. PFC is a complex
symmetrical structure of focal conic defects in which the line defects form a pair
of perpendicular, antiparallel, and confocal parabolas (61). PFC structure of CNW
chiral nematic films observed between two cross-polars is shown in Figure 3. To
identify the local orientation of the quasi-nematic planes a full-wave retardation
plate was inserted into the optical path of the POM. With a full-wave retardation
plate, a blue color appeared where the slow axis of the birefringent sample was
aligned with the slow axis of the wave plate and a yellow color appeared where
the fast axis of the sample was aligned with the slow axis of the wave plate. By
convention, the slow axis of the wave plate was oriented in the northeast-southwest
direction.

Due to these unique structural and optical characteristics, CNW can be used
as nontoxic, optically variable iridescent pigments in cosmetics and coating
materials for decorative materials. Moreover, self-assembled chiral nematic films
have potential applications as security papers.
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Figure 3. Parabolic focal conics in CNW chiral nematic films viewed between
crossed polarizers with full-wave retardation plate inserted into the microscope.
Scale bar 20 µm. Reproduced with permission from reference (60). Copyright

2005 American Chemical Society.

Methods for Preparation of Oriented CNW Composite Films

Conventionally fiber-reinforced composites often show higher mechanical
properties in the direction of fiber orientation. Developing unidirectional fiber
composite films is an essential step to the production of fiber composites/laminates
for high-performance demanding applications. Attempts have been made to
produce oriented CNW nanocomposites. Three methods have been reported in
the literature to align CNW fibers, including applying mechanical forces (shearing
and spin coating) (62–67), magnetic (66, 68–72) and electric fields (73–76).

Owing to the rod-like shape of CNWs, they can orient themselves along
the flow direction in flowing composite solutions. A method of shearing a
suspension with simple equipment has been reported by Nishiyama et al. (62). A
vial containing aqueous CNW suspension was kept in a horizontal position and
rotated around its axis at 500 rpm at room temperature. The resulting film was
found to be highly anisotropic and brittle in the direction perpendicular to the
fiber orientation. Linearly oriented films were also obtained by shearing a drop
of concentrated aqueous nanocrystal suspension along mica, glass or polystyrene
surfaces (63). The same study demonstrated a radial arrangement of nanocrystals
when the nanocrystals are spin-coated suspension onto a glass or mica surface.
Under crossed polarizers light, the spin-coated samples displayed a Maltese cross
suggesting that the nanocrystals were oriented radially in the direction of the
shearing forces on the fluid during spin-coating (63).
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Layer-by-layer (LbL) spin-coating technique was used to create
polyelectrolyte multilayer (PEM) nanocomposites containing cellulose
nanocrystals and poly(allylamine hydrochloride) (64–66). Similar to previous
studies, CNWs were also radially oriented in spin-coated polyelectrolyte
multilayer films. Films were assembled with up to 25 bilayers poly(allylamine
hydrochloride)/CNW at 3000 rpm for 40 s. The observed birefringence was close
to that of pure crystalline cellulose, indicating good flow-induced alignment of
the nanocrystals (65).

Recently, Hoeger et al. (67) successfully aligned ramie CNW using
convective and shear forces. The experimental set-up included a solid support
and a moving or withdrawal plate (Figure 4). The effect of concentration of
CNC in aqueous suspensions, type of solid support, relative humidity and rates
of withdrawal of the deposition plate were determined by using atomic force
microscopy (AFM) and ellipsometry. In particular, five different substrates were
investigated: mica sheets with a high negative charge density, less negatively
charged silica wafers, positively charged silicon wafers with pre-adsorbed
poly(ethylene imine) (PEI), and high and low surface energy gold-based slides.

Figure 4. Experimental setup for assembly and deposition showing the
CNW suspension, solid support, withdrawal plate and three-phase line (67).

Reproduced by permission from reference (67). Copyright 2011 RSC.
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It was reported that the poor alignment of CNW was observed in the case of
the negatively charged solid support. The reasons for that were the dominant and
counterbalancing effects of shear and capillary forces acting normal and parallel
to the three phase contact line, respectively.

The best alignment of CNWs in the withdrawal direction, favored by shear
effects, was achieved with gold and silica supports with a pre-adsorbed cationic
polyelectrolyte layer and at a CNW suspension concentration above 2.5 wt%,
below the critical concentration for chiral nematic phase separation. In fact, the
induced orientation of CNW was determined by a complex balance of forces,
mainly, hydrodynamic (shear and drag), Brownian, surface tension (capillary
forces) and electrostatic interactions (between the negatively charged CNWs
and between the CNWs and the substrate). Therefore, the bare solid support,
nanoindentation of the obtained coatings of ultra-thin films of oriented CNW
provided enhanced surface mechanical strength and wear resistance (67). Authors
stated that this method of CNW alignment has a potential for scale up production
considering that the degree of orientation of CNW comparable with those obtained
after application of high electric fields. Up to 40–60% of CNW were aligned in
angles between 0 and 20° with respect to the withdrawal direction.

Magnetic fields have been reported to orient CNW in both aqueous
suspensions (66, 68–70, 72) and polymers (71). The first study on the production
of aligned CNW in aqueous solutions using magnetic field was described by
Sugiyama et al. (68). Tunicate nanocrystals were aligned using rather moderate
magnetic field of 7 T. The orientation under magnetic field initiates from
diamagnetic anisotropy of individual CNWs, specially, anisotropic magnetic
susceptibility of the individual C-C, C-O, C-H, and O-H bonds and their relative
orientation in the nanocrystal. Later, preliminary experiments relevant to
layer-by-layer self-assembly of oriented cellulose nanocrystals were performed
also in a 7 T magnetic field (56, 69). A substantial orientation of CNW was
observed under AFM only after long exposure to the magnetic field (24 hours)
(69). The effect of magnetic field on chiral nematic phase of tunicate CNWs (70)
showed that the helical axis of the chiral nematic phase aligned in the direction
of the applied static field (1-28 T), resulting in highly regular monodomains.
Exposure to the rotating (5 T, 10 rpm) magnetic field caused unwinding of the
helical axes to form nematic-like alignment. These phenomena were interpreted
in terms of aforementioned anisotropic diamagnetic susceptibility of the cellulose
whisker. The diamagnetic susceptibility of the CNW is smaller in the direction
parallel to the fiber axis than in the direction perpendicular to the fiber axis.
Because the helical axis coincides with the direction normal to the fiber axis, the
helical axis aligned parallel to the applied field. That’s why the long axis of the
nanocrystals is perpendicular to the magnetic field (56).

The first attempt to orient CNWs in polymeric matrix was reported by Kvien
et al. (71). Cellulose nanowhiskers (2 wt%) were incorporated in a polyvinyl
alcohol (PVA) matrix using solution casting with water as the solvent. The water
evaporated while a ~7 T homogeneous magnetic field was applied. Dynamic
mechanical thermal analysis (DMTA) showed that the dynamic modulus of
the nanocomposite was ~47% higher in the transverse direction than in the
field direction, an indication of CNW orientation in the transverse direction
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(71). Relevant to large-scale production of paper, all cellulose composites were
prepared by mixing CNW fabricated by H2SO4 treatment of microcrystalline
cellulose and wood pulp fibers (72). The mixture was vacuum filtered through
filter paper under magnetic field of 1.2 T followed by compression and drying at
100 °C for 15 min. The DMTA results showed that the magnetic field aligned the
nanowhisker in the fabricated all-cellulose nanocomposite, while it did not have
any influence on the orientation distribution of the cellulose pulp fibers. Large
pulp fibers prevented free movement and limited the realignment of pulp fibers.
The rotation force generated by the diamagnetic susceptibility was not large
enough to rotate the pulp fibers, but it was sufficient to promote the rotation of the
nanowhiskers. The presence of 5 wt% cellulose nanowhiskers in the composites
increased the storage modulus almost by one order of magnitude, from 652
MPa for the paper sheet to 4.88 GPa for the nanocomposite along the direction
perpendicular to the applied magnetic field direction at 20 °C (72).

An alternative method for CNW orientation reported in the literature is to
use strong electric fields. Most studies on the orientation of suspended particles
in electric field have dealt with aqueous suspensions, which exhibit limitations
arising mainly from the high conductivity of water. Bordel et al. successfully
demonstrated for the first time the ability to align ramie cellulose fibers and
tunicin whiskers at macroscopic and colloidal levels when they were dispersed
in chloroform and cyclohexane, respectively (73). Both suspensions were
introduced into a Kerr cell consisting of a Teflon container and two parallel
stainless steel plates. Electric filed of 2000 V/cm was applied at 1 kHz. The
effect of applied electric field on cellulose fibers and whiskers is shown in Fig 5.
The ramie fibers and whiskers aligned perpendicular to the electrodes (Figure 5
b,c) pointing in the direction of the electric field. However, this pioneer study did
not investigate the influence of the alternating electric field, e.g. frequency and
amplitude on the fiber orientation. Habibi et al. reported a highly reproducible,
efficient and quick method to create anisotropic films from aqueous suspensions
of tunicate and ramie CNW (74).

Cellulose nanocrystals orientation was strongly dependent on the strength and
the frequency of the electric field. The applied electric field ranged between 250
and 104 V/cm while frequency from 1 kHz to 1 MHz.

Compared to tunicate CNW, ramie CNW did not demonstrate the similarities
in the alignment capabilities under AC electric fields. This is probably attributed
to the lowest polarizability of ramie whiskers since their shorter length does
not favor the counter ion cloud deformation. Interactions between cellulose
nanocrystals and ammonium groups grafted on the surface are also suggested to
play a role. These interactions are stronger for ramie nanocrystals than tunicate.
In the case of tunicate cellulose nanocrystals, there was no obvious alignment in
the samples exposed to AC electric field with electric field lower than 2000 V/cm
for all frequencies. A better orientation percentage was observed for starting
electric field of 2500 V/cm but it seems to be affected by electric field frequency.
Surprisingly, perfect orientation is observed for frequencies ranging between
104 and 106 Hz. Results demonstrate that the cellulose nanocrystals degree of
alignment is gradually reduced with the decrease (<104 Hz) or the increase (>106
Hz) of the electric field frequency. Interestingly, when the electric field frequency
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is decreased, cellulose nanocrystals tend to aggregate within the electrode
gaps suggesting electrostatic interactions between sulfate groups (electrostatic
repulsion) is not strong enough to counter electric field induced aggregation. By
contrast, when the electric field frequency is increased, cellulose nanocrystals
are attracted toward the electrodes suggesting that electrostatic forces influence
whisker alignment dynamics. In both cases, high orientation was observed only
near to the electrodes (74). A high percentage of fiber orientation was observed
under the electric field of 2 kV/cm and higher (Figure 6).

Figure 5. Optical micrograph in polarized light of ramie fiber fragments (a) in
the absence of field and (b) in the presence of a 1 kHz electric field of 1200 V/cm.
(c) TEM image of a film of 0.5 wt% tunicin whisker suspension in cyclohexane
oriented with a 1 kHz electric field of 2000 V/cm (scale bar 2 µm). (Insert)
electron diffraction pattern correctly oriented with respect to the specimen,
recorded on 1 µm2 of the specimen. The arrow indicates the direction of the
electric field (73). Reproduced with permission from references (73). Copyright

2006 American Chemical Society.

Much lower electric field strength of 56.25 kV/m and DC conditions
have been shown to be sufficient to align CNW in non-water soluble
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) (75, 76). After
harvesting CNW from microcrystalline cellulose by H2SO4 treatment, CNW
were transferred to N,N-dimethylformamide by solvent exchange. PHBV was
further dissolved in DMF/CNW suspension and cast on a glass substrate, which
was placed between a pair of electrodes. The storage E′ moduli were determined
below and above the glass transition temperature of PHBV: at -10 and 60
°C, respectively. Due to aligned CNW, nanocomposites demonstrated highly
anisotropic behavior: E′ was increased by 78% and 63% for 1.5 and 3wt% of
CNW, respectively, at -10 °C, while the increase was 45% and 38% at +60 °C
(75). Furthermore, the authors analytically evaluated anisotropic properties
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of PHBV/CNW composites by using micromechanics model. The effect of
CNW volume fraction and orientation angle on storage moduli of PHBV/CNW
composites was predicted by Cox “shear lag” model (76).

The reviewed literature shows that the development and property studies
of the oriented CNW composites are still in their early stages. Although many
successful results have been reported, producing polymer/CNWs nanocomposites
with desirable polymer matrix and CNW orientations remains a technical and
scientific challenge.

Figure 6. Effect of AC electric field force and frequency on the orientation of
tunicin (A) and ramie (B) cellulose nanocrystal films (74). Reproduced with
permission from references (74). Copyright 2008 Wiley Periodicals Inc.

Aligned CNW Microfibers by Electrospinning and
Wet-Spinning Techniques

Given the biocompatibility of cellulose nanowhiskers and their ability to align
under shear and electrostatic forces, a wide range of applications, predominantly
biomedicine, sees an increasing demand for wet-spun and electrospun cellulosic
mats, marco- and nanofibers.

“Electrospinning” is a versatile method to fabricate fibers with diameters
ranging from several microns to 100 nm or less. During the electrospinning
process, a charged fluid jet from a polymer solution is extruded under an applied
electric field between two electrodes. As solvent in the jet solution evaporates, the
polymer is collected onto a grounded substrate to form a nonwovenmat or network
with large surface-to-volume ratios. Processing parameters such as the voltage,
flow rate and distance between the spinning tip and the collector can drastically
change properties of the final mat. The intrinsic properties of the polymer solution
including conductivity, viscosity, net charge density, and surface tension are
other important factors to consider during the electrospinning process. The first
electrospun fibers were in fact fabricated from cellulose acetate/acetone/alcohol
solution with patent dating back to Formhals in 1934 (77). Since then, numerous
studies have been reported on electrospinning cellulose and derivatives using
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various solvents, e.g. acetic acid/N.N-dimethylacetamide (CH3COOH/DMAc),
acetic acid/acetone (78), lithium chloride/N.N-dimethylacetamide (LiCl/DMAc)
(79–82), N-methyl-morpholine N-oxide/water (NMMO/H2O) (10–85), ionic
liquids (86), DMAc/acetone (87), acetic acid/water (CH3COOH/H2O) (88), and
NaOH/urea (89). The concentration of cellulose in solutions depends on both
the cellulose molecular weight (degree of polymerization (DP)) and the solvent
composition. The source of the cellulose, from wood pulps, cotton linters, or
cotton fibers, does not appear to have a significant effect (90). In order to improve
quality of electrospun fibers, researchers have added coagulant baths to the
spinning line to remove components that do not volatilize in the spinning air gap
and have incorporated temperature control at the spinneret, the collector, or the
coagulation bath. These nanofibers can be used for a wide variety of applications
such as separation filters, wound dressing materials, tissue scaffold, biosensors,
drug delivery systems, etc.

Cellulose nanowhiskers themselves has been used as reinforcing
materials for electrospun fibers such as polystyrene (91), poly(vinyl alcohol)
(92–94), poly(lactic acid) (95), cellulose acetate (38), poly(acrylic acid) (96),
polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene-graft-maleic
anhydride (97), poly(ethylene oxide) (98) and polyethylene–polyvinyl alcohol
(99).

Rojas, et al. pointed out increased tendency of bead formation with an
increase of CNW in polystyrene/CNW nanofibers (92). This was ascribed to poor
dispersion or compatibility of CNW with polystyrene. Sorbitan monostearate
used as surfactant to improve the dispersion and compatibility of the hydrophilic
cellulose nanowhiskers with the hydrophobic polystyrene matrix minimized
the presence of beads. An increase in CNW loadings resulted in decrease of
fiber’s diameter. The reduction in the microfiber diameter was explained by
the improved interaction between PS-chains and the CNWs in the presence
of surfactant and also by the reduction in surface tension. Similar results of
decreased fiber diameter have been reported for poly(lactic acid) (PLA) in
N,N-dimethylformamide (DMF) (95), aqueous poly(vinyl alcohol) (PVOH) (93)
and poly(acrylic acid) (PAA)/ethanol mixtures loaded with CNW (96). In a
latter study (96), the Young’s modulus and tensile strength were significantly
improved with increasing CNW loadings in poly(acrylic acid) nanocomposite
fibers by up to 35-fold and 16-fold, respectively, with 20% CNW. Enhancement
in the dynamic storage modulus (E′) was also observed for the composites in
both glassy and rubbery regions of poly(vinyl alcohol)/cotton CNW fibers was
observed with increasing CNWs, even at a low CW content. For example, the
addition of only 5 wt.% of CWs led to 100% and 165% E′ increase respectively
in the glassy and rubbery regions of the composites (94). Drastic improvement
in mechanical performance of electrospun polymer/CNW fibers arises from the
efficient stress transfer between polymer and CNWs originating from their strong
interactions, relatively uniform dispersion and high alignment of CNWs in the
electrospun fibers (Figure 7).

Regarding thermal properties, differential scanning calorimetry (DSC)
showed slight (2 °C) increase in melting temperature for PVOH/ramie CNW and
reduced degree of crystallinity (93). These effects were explained by undermined
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crystallization upon addition of CNWs. Disorder of PVOH nucleation in the
presence of CNWs may have taken place during the short time allowed during
electrospinning.

Figure 7. TEM micrographs of as-spun (a) polyethylene oxide/20wt%CNW (98)
and (b) poly(acrylic acid)/5wt%CNW nanocomposite fibers (96). Reproduced
with permission from reference (98). Copyright 2011 American Chemical
Society. Reproduced with permission from references (96). Copyright 2009

IOP Publishing.

Magalhaes et al. described the fabrication of all-cellulose nanocomposites by
co-electrospinning technique (Figure 8) (100, 101). The authors used regenerated
cellulose (type II and amorphous) as the shell solution (neat cellulose-doped
solution consisted of 1.5 wt % of cellulose in N-methylmorpholine N-oxide
(NMMO)/H2O with dimethylsulfoxide (DMSO)) and aqueous cellulose whiskers
(type I) suspension as core material.

Figure 8. Schematic drawing of the co-electrospinning apparatus (100).
Reproduced with permission from reference (100). Copyright 2009 American

Chemical Society.
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Several volume ratios between the shell and core, four flow rates for the shell
dope solution, and four high voltages were tested. By decreasing the shell-to-
core volume ratio, it was found that precise control of the voltage and flow rate
promoted individual fiber formation. Moreover, CNWs suspensions were found to
be easily electrospun when using solely NMMO/H2O as the carrier likely because
of its higher viscosity relative to a NMMO/DMSO dual solvent carrier. Finally,
during the electrospinning of a neat cellulose solution, any increases in the flow
rate slightly increased the cellulose crystallinity, but no effect was observed during
co-electrospinning (100).

Since orientation of nanowhiskers is one of the main factors governing
improved mechanical performance of CNW composites, the characterization of
CNW alignment within polymer and its correlation to mechanical properties is of
great importance. Wide-angle X-ray diffraction (WAXD) is a powerful technique
commonly used to describe the crystalline structure of materials. It is commonly
used to determinate degree of crystallinity, orientation of crystalline regions,
concentration of a solid phase, etc. in polymer composites.

Recently, it was demonstrated that a simple variation in wet spinning
processing conditions can be used to tune the mechanical properties of
cellulose-based nanocomposites, which directly correlate with CNC orientation
(102). The calcium alginate fibers filled with CNWwere prepared by wet spinning
an aqueous suspension of the CNC and sodium alginate into a CaCl2 coagulating
bath. Apparent jet stretch JA defined as the tangential velocity of the first roller
divided by the linear extrusion velocity (103) was varied and the diffraction
patterns were used to study the effects of CNC and processing conditions on the
alginate structure and CNC orientation. The orientation of the CNC was studied
from the azimuthal intensity distribution of the (2 0 0) reflection by WAXD.
The spread of the orientation increased with higher loads until the nanoparticles
within the matrix spiraled around the longitudinal axis (Figure 9), which resulted
in a reduction in tenacity and modulus and an increase in elongation at break and
toughness. This spiral orientation is also observed in native cellulose fibers and is
deterministic of their mechanical properties. This is evidenced by the formation
of previously mentioned chiral nematic aqueous suspensions of CNWs.

The wet-spinning technique was also employed to obtain silk fibroin (SF)/
cellulose nanowhisker hybrid fibers as a new material for the clothing industry
(104). The rheological behavior of SF/CNW solution was tested to evaluate its
spinnability. Compared with the pure silk fiber, the tensile strength and Young’s
modulus of the SF/CNW hybrid fibers containing 5 wt% CNWs were increased
from 135.78±12.73MPa and 5.74±0.43GPa to 438.68±22.63MPa and 17.36±2.04
GPa, respectively.

Biobased bacterial polyester poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) can be also wet-spun with CNWs, as shown by our group (105).
Two-step solvent exchange process was used to obtain PHBV/CNW solution in
chloroform. Fibers with diameter of ca. 100-150 µm (Figure 10) were spun into
ethanol coagulation bath. The fibers were hot drawn to improve CNW orientation,
hence increase mechanical properties.

Tenacity of drawn fibers was significantly improved, e.g. compared to
as-spun fibers, neat PHBV showed 4-fold improvement in tenacity and PHBV/1
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wt% CNW showed 2.5-fold enhancement. Detailed study is under way into the
characterization of morphology of PHBV/CNW fibers and CNW orientation, as
well as mechanical properties evaluation.

Figure 9. Schematic representation of the assembly of CNC in a calcium alginate
fiber (102). The nanocrystals are incorporated within the alginate matrix and
spiral around the fiber axis as the load is increased. Reproduced with permission

from reference (102). Copyright 2011 American Chemical Society.

Figure 10. SEM micrographs of PHBV/4 wt% CNW (a) as-spun (b) after hot
drawing.
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Summary and Concluding Remarks

Development of nanotechnologies and increasing demand for an alternative to
petroleum-based plastics encourage the use of forestry-derived nanocomposites.
The wide availability, renewable and biocompatible nature, reactivity, high
intrinsic strength and modulus make cellulose nanowhiskers superior to other
traditional nanomaterials. It has already been shown that CNWs are viable
reinforcements for a wide range of polymers. Based on reported literature, there
is an ever-increasing interest to consolidate CNW use in “smart” packaging, drug
delivery, biosensors, tissue engineering, inks for security paper, and structural
composite platforms. For most of the potential applications the ability to
orient nanowhiskers and further development of relevant fabrication method of
unidirectional composites are of fundamental importance.

This study provided a short review of current methods to fabricate anisotropic
CNW-reinforced composite films and fibers. The inherent anisotropy of cellulose
crystals allows CNW to orient under magnetic, electric fields and shear forces.
Tremendous ongoing work makes CNW to enable special functionalities and
precise control over properties of the resulting composites. Overall, this
effort is anticipated to inspire new opportunities for cellulose nanowhiskers in
nanocomposites.
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Chapter 3

Preparation of Cellulose-Based
Honeycomb-Patterned Films with

ATRP-Active Surfaces

Ana F. Xavier* and John F. Kadla*

Advanced Biomaterials Chemistry Laboratory,
University of British Columbia, Faculty of Forestry,
Department of Wood Science, 2424 Main Mall 4330,

Vancouver, British Columbia, Canada V6T1Z4
*E-mail: afxavier@interchange.ubc.ca, john.kadla@ubc.ca

Honeycomb-patterned filmswere prepared with novel cellulosic
macroinitiators. Both regiochemistry and degree of substitution
(DS) were found to dramatically affect the ability to form
honeycomb films. 3-O-(2-bromoisobutyryl)-2,6-TDMS-O-
cellulose did not produce uniform honeycomb-patterned
films, while 2,3-O-(2-bromoisobutyryl)-2,6-TDMS-O-
cellulose was able to form honeycomb-patterned films
with a narrow distribution of pore sizes of around 1 µm.
Poly(N-isopropylacrylamide) (pNIPAm) was grafted from the
surface of these films with different degrees of polymerization
(DP) by surface-initiated atom transfer radical polymerization
(ATRP) and it was found that the pNIPAm DP had a significant
impact on the morphology of the films. At high DP, the films
exhibited very hydrophilic surfaces at room temperature,
however the honeycomb-patterned was lost. At lower DPs,
the honeycomb pattern was maintained and the surface
hydrophobicity/hydrophilicity was tailored by manipulating the
DP. However, the pore size distribution of the modified surface
varied between 0.4 to 1 µm, likely due to poor control of the
polymerization process.

© 2012 American Chemical Society
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Introduction

Cellulose is a unique biopolymer with characteristic properties, such as
hydrophilicity, chirality, chain stiffness and 3 hydroxyl groups with distinct
reactivity. Developments in synthetic modification of cellulose using protecting
group chemistry allowed for preparation of cellulose derivatives with different
functionalization pattern (1, 2). These regioselective cellulosics have a pattern
of substitution which yields new materials with special properties (3–6). For
example, it was found that increasing the degree of substitution with acetyl groups
in position C6 promotes the solubility in organic solvents, whereas free OH groups
in position C6 favor the solubility in aqueous systems (6). Nowadays, demand for
innovative, environmentally friendly materials has driven the synthesis of new
cellulosics and its application in the preparation of new materials.

Micropatterned films are highly attractive materials owing to the wide range
of applications, such as: micro-lens arrays (7), superhydrophobic surfaces (8),
or solar cells (9). Honeycomb-patterned films are easily produced according to
the breath figures method (10, 11). Aitken (12) first observed the formation of
ordered arrays upon the condensation of water droplets on cold surfaces. Francois
et al. (13) later used the arrays of water droplets on the surface of a solution
as templates to produce honeycomb-patterned films. A typical process for the
fabrication of such films consists on casting a dilute polymer solution on a solid
substrate in a humid environment under an adequate gas-flow. As the solvent
evaporates water droplets are formed on the surface of the cold solution. Surface
tension and simultaneous cooling of the surface and rapid heating of the bottom of
the thin layer of liquid (Benard-Marangoni convection) (14, 15) allows the water
droplets to assemble in a hexagonal patterned. Once the solvent and the water
evaporate, the polymer, previously assembled in between the water droplets, forms
a honeycomb-patterned film (16).

Cellulose derivatives have been used to fabricate honeycomb-patterned
materials. One of the first reports was using polystyrene comb polymers built
on hydroxyisopropyl cellulose (17, 18). It was found that the regularity of the
porous films increased with the density of branches and with the increasing length
of each branch; however, poor quality films with low regularity were obtained.
Similarly, honeycomb-shaped films were also reported based on cellulose acetates
(19–21), but again the corresponding films were extremely irregular with pore
sizes varying between 1 to 100 µm. Recently we (3) prepared honeycomb thin
films from 2,6-(dimethylthexylsilyl) cellulose in which a hydrophilic substituent
(polyethylene glycol) was regioselectively introduced in the C3 position of
the AGU. Film formation was found to depend on the casting conditions and
polymer amphiphilicity. Flow and humidity were optimized and toluene was
found to be most suitable solvent for honeycomb film formation. The polymer’s
amphiphilicity was varied by introducing polyethylene glycol (EG) with different
degree of polymerization (DPEG) from 3 to 16. It was found that the DP=16
derivative, 3-O-EG162,6-TDMS-cellulose, formed a uniform structure with
approximately 2 µm diameter pore size.

38

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
 o

n 
A

ug
us

t 2
8,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 A

ug
us

t 1
7,

 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

10
7.

ch
00

3

In Functional Materials from Renewable Sources; Liebner, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



The use of micropatterned films for tissue growth has also been in the focus of
recent studies (22–26). These films provide the necessary conditions for the tissue
growth without affecting adhesion and proliferation of the cells. Furthermore, cell
morphology is affected by the architecture of the films. Flattened films produced
flat chondrocyte and hepatocyte cells which makes unfeasible its use in tissue
engineering. On the other hand, micropatterned films formed cells with a spherical
shape which exhibits potential use in tissue engineering (24, 25).

Poly(N-isopropylacrylamide) (pNIPAm) is a thermoresponsive polymer
that exhibits a phase transition temperature (lower critical solution temperature,
LCST) in water at 32 °C. Below this temperature, the polymer is hydrophilic and
water soluble, however, increasing temperature beyond the LCST it undergoes a
corresponding coil-to-globule transition, becoming hydrophobic and precipitates
out of solution. This phenomenon has been shown to be beneficial for cell growth.
Yamada et al. (27) grafted pNIPAm from the surface of polystyrene dishes and
were able to grow bovine hepatocytes from its surface. Utilizing pNIPAm’s
thermoresponsive behavior they decreased the culture temperature to below 32 °C
which resulted in the cells detaching from the surface and being readily recovered.

Atom transfer radical polymerization (ATRP) reactions are one of the most
effective and most widely used methods of controlled radical polymerization
(CRP) (28, 29). In ATRP-copolymerization, chemical modification and
functionalization with 2-bromoisobutyryl is commonly used to introduce
initiation sites in macromolecules. In the present work, regioselective
3-O-(2-bromoisobutyryl)-2,6-(TDMS) cellulose and non-regioselective
2,3-O-(2-bromoisobutyryl)-2,6-(TDMS) cellulose were synthesized, and the
synthesis optimized to obtain the highest DS without extensively degrading
the cellulose. The effect of DS and substitution pattern on the ability of
these compounds to form honeycomb-patterned films was investigated.
Copolymers were then prepared by grafting poly(N-isopropylacrylamide)
from the honeycomb-patterned films by surface initiated atom transfer radical
polymerization and the resulting surface morphology was analyzed. This
study serves to set the grounds for future work looking into thermoresponsive
cellulose-pNIPAm copolymer honeycomb films for cell culture.

Experimental

Materials

Cellulose acetate (30K, 39.8 wt% acetyl content), potassium hydroxide,
thexyldimethylsilyl chloride (TDMS-Cl), imidazole, pyridine, 2-bromoisobutyryl
bromide, triethylamine (TEA), copper (I) chloride, copper (II) chloride, copper,
tris(aminoethyl)amine (TREN) were purchased from Sigma-Aldrich and used as
received unless otherwise indicated. CuCl was purified in glacial acetic acid and
washed with ethanol according to previous work (30). NIPAm was recrystallized
from toluene:hexane (65:35) solution. Tris(2-dimethylaminoethyl)amine
(Me6TREN) was prepared from TREN by a procedure similar to that of
Ciampolini and Nardi (31). N,N-Dimethylacetamide (DMA), lithium chloride
(LiCl), potassium phosphate monobasic (KH2PO4), potassium phosphate

39

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
 o

n 
A

ug
us

t 2
8,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 A

ug
us

t 1
7,

 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

10
7.

ch
00

3

In Functional Materials from Renewable Sources; Liebner, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



dibasic (K2HPO4) and tetrahydrofuran (THF) were purchased from Fisher
Scientific and used as received to the exception of THF which was distilled over
sodium-benzophenone prior to use.

Methods

Fourier-Transform Infrared (FTIR) spectroscopy spectra were recorded on a
Perkin Elmer Spectrum One FTIR spectrometer. For chloroform soluble polymers
thin films were deposited on ZnSe plates using 2-3 drops of 5% w/w chloroform
solutions. Spectra were collected over the wavenumber range of 4000-600 cm-1 at
a resolution of 4 cm-1 and a minimum of 16 scans were recorded.

1H, 13C and quantitative 13C nuclear magnetic resonance (NMR) spectra were
recorded using a 300 MHz Bruker Avance Ultrashield NMR spectrometer at 25°C
in deuterated chloroform (CDCl3), as per reference (32). Chemical shifts were
referenced to tetramethyl silane (TMS; 0 ppm). Chromium(III) acetylacetonate
(Cr(III)acac) was used as relaxation agent in deuterated chloroform, 0.1M.

Gel permeation chromatography (GPC) was performed using an Agilent
1100 Series GPC Analysis System equipped with a Wyatt Dawn Heleos-II
multiangle light scattering (MALS) to determine number average and weight
average molecular weight and polydispersity index. Styragel HR-1, HR-2 and
HR-5E columns (Waters Corp., Milford, USA) were used with THF as the eluting
solvent at a flow rate of 0.5 ml/min at 35°C. The injection volume was 100 µL,
and polymers were dissolved in HPLC-grade THF at concentrations of 1.5 mg/ml.

Contact angles were measured using a KSV CAM 101 instrument (KSV
Instruments Ltd., Finland). A 5 µL droplet of distilled water was placed on the
surface of the honeycomb film and the contact angle was measured after 20
seconds.

Optical microscopy images were obtained from BX41 - Olympus and
scanning electron microscopy images from JEOL JSM-5900LV.

Synthesis

2,6-O-TDMS-cellulose

60 g of cellulose acetate, (Mw=30,000; DS=2.5) was suspended in a solution
of methanol (1.4 L) and potassium hydroxide (84 g) and stirred overnight at
room temperature. The alkaline mixture was then neutralized with 70 mL
of hydrochloric acid and filtered. The residue was washed with water and
methanol (2 × 500 mL), stirred in water for 30 min and washed with 500 mL
of ethyl ether. The residue was dried under vacuum (635 mmHg) at 30 °C.
The isolated cellulose was then activated prior to use by solvent exchange with
water, followed by methanol and finally DMA. The activated cellulose (1g, 6
mmol) was suspended in 25 mL of DMA and stirred at 120 °C for 2 hours.
The reaction mixture was allowed to cool to 100 °C, and 1.5 g (35.4 mmol)
of LiCl was added and the reaction cooled to room temperature. The cellulose
dissolved over-night after constant stirring under an argon atmosphere. 2.0
g (30 mmol) of imidazole was then added to the mixture and stirred for 15
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minutes, followed by the addition of 4.7 mL (24 mmol) of thexyldimethylsilyl
chloride (TDMS-Cl). The reaction mixture was heated to 100 °C for 24 hours
under an argon atmosphere and constant stirring. The reaction mixture was then
poured into buffer solution (7.14g K2HPO4 and 3.54g KH2PO4 in 1000mL of
distilled water). The precipitate was then collected and washed with distilled
water and ethanol and dried under vacuum (635 mmHg) at 30 °C. The crude
product was purified by dissolving it into a minimal amount of chloroform
(CHCl3) and precipitating it from methanol (MeOH). The purified colorless
compound was recovered by filtration and dried as previously described. Yield
2.5g (91%). FTIR (CHCl3, cm-1), 3517 (υO-H); 2957, 2871 (υCH3, υCH2); 1465,
1377 (δCH3); 1252 (δSi-C); 1116, 1078 (υC-O-C); 835 (υSi-C); 777 (γSi-CH3). 1H NMR
(10% in CDCl3, ppm, 313 K): δ=0.15 (Si-CH3), δ=0.89 (Si-C(CH3)2CH(CH3)2),
δ=1.66 (Si-C(CH3)2CH(CH3)2), δ=3.34 (OH), δ=3.71 (H-6), δ=3.8 (H-2),
δ=3.9 (H-5,4,3), δ=4.4 (H-1). 13C NMR (10% in CDCl3, ppm, 313 K): δ=-2.5
(Si-(CH3)2), δ=18.6 (Si-C(CH3)2CH(CH3)2), δ=20.4 (Si-C(CH3)2CH(CH3)2), 25.2
(Si-C(CH3)2CH(CH3)2), δ=34.3 (Si-C(CH3)2CH(CH3)2), δ=60.3 (C-6), δ=75.02
(C-4), δ=101.9 (C-1).

3-O-(2-Bromoisobutyryl)-2,6-O-TDMS-cellulose

1 g (2.2 mmol) of 2,6-O-TDMS-cellulose was suspended in 25 ml of freshly
distilled THF and 3.7 mL (46.2 mmol) of anhydrous pyridine under an argon
atmosphere. The reaction solution was cooled to 0 °C with an ice/water bath
and 5.4 g (44 mmol) of 2-bromo isobutyryl bromide was added dropwise. The
ice/water bath was removed and the reaction mixture was allowed to react for 19
hours at room temperature. The reaction mixture was precipitated from methanol,
filtered and dried in a vacuum oven (635 mmHg) at 30 °C. The crude product
was purified in CHCl3, precipitated from MeOH and dried under vacuum (635
mmHg, 30°C). Yield: 1.25g (82%). FTIR (CHCl3, cm-1), 3530 (υOH); 2957,
2871 (υCH3, υCH2); 1751 (υC=O); 1465, 1377 (δCH3); 1252 (δSi-C); 1117, 1075
(υC-O-C); 835 (υSi-C); 777 (γSi-CH3). 1H NMR (10% in CDCl3, ppm, 313 K):
δ=0.15 (Si-CH3), δ=0.89 (Si-C(CH3)2CH(CH3)2), δ=1.66 (Si-C(CH3)2CH(CH3)2),
δ=1.95 (C(CH3)2Br), δ=3.3 (OH), δ=3.7 (H-6), δ=3.8 (H-2, 5), δ=4.0
(H-4), δ=4.4 (H-1, 3). 13C NMR (10% in CDCl3, ppm, 313 K): δ=-2.5
(Si-(CH3)2), δ=18.6 (Si-C(CH3)2CH(CH3)2), δ=20.4 (Si-C(CH3)2CH(CH3)2), 25.2
(Si-C(CH3)2CH(CH3)2), δ=34.3 (Si-C(CH3)2CH(CH3)2), δ=60.3 (C-6), δ=75.02
(C-4), δ=101.9 (C-1).

2,3-O-(2-Bromoisobutyryl)-2,6-di-O-(thexyldimethylsilyl)-cellulose

1 g (2.2 mmol) of 2,6-O-TDMS-cellulose with a total DS of ~1.3 was
suspended in 25 ml of freshly distilled THF and 3.7 mL (46.2 mmol) of anhydrous
pyridine under an argon atmosphere. The reaction solution was cooled to 0 °C
with an ice/water bath and 5.4 g (44 mmol) of 2-bromo isobutyryl bromide was
added dropwise. The ice/water bath was removed and the reaction mixture was
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allowed to react for 19 hours at room temperature. The reaction mixture was
precipitated from methanol, filtered and dried in a vacuum oven (635 mmHg) at
30 °C. The crude product was purified in CHCl3, precipitated from MeOH and
dried under vacuum (635 mmHg, 30°C). Yield: 1.25g (82%). FTIR (CHCl3,
cm-1), 3530 (υOH); 2957, 2871 (υCH3, υCH2); 1751 (υC=O); 1465, 1377 (δCH3);
1252 (δSi-C); 1117, 1075 (υC-O-C); 835 (υSi-C); 777 (γSi-CH3). 1H NMR (10% in
CDCl3, ppm, 313 K): δ=0.15 (Si-CH3), δ=0.89 (Si-C(CH3)2CH(CH3)2), δ=1.66
(Si-C(CH3)2CH(CH3)2), δ=1.95 (C(CH3)2Br), δ=3.3 (OH), δ=3.7 (H-6), δ=3.8
(H-2, 5), δ=4.0 (H-4), δ=4.3 (H-3 if TDMS in C-2 and 2-bromoisobutyryl in
C-3), δ=4.7 (H-1 if 2-bromoisobutyryl in position C-2), δ=4.8 (H-1 if TDMS in
position C-2), δ=5.0 (H-2 if 2-bromoisobutyryl in position C-2), δ=5.2 (H-3 if 2-
bromoisobutyryl in position C-2). 13C NMR (10% in CDCl3, ppm, 313 K): δ=-2.5
(Si-(CH3)2), δ=18.6 (Si-C(CH3)2CH(CH3)2), δ=20.4 (Si-C(CH3)2CH(CH3)2), 25.2
(Si-C(CH3)2CH(CH3)2), δ=34.3 (Si-C(CH3)2CH(CH3)2), δ=60.3 (C-6), δ=75.02
(C-4), δ=101.9 (C-1), δ=169.6 (C-13, if 2-bromoisobutyyrl in position C-2),
δ=170.8 (C-13, if 2-bromoisobutyryl in position C-3).

Film Preparation

Cellulose derivatives 3-O-(2-bromoisobutyryl 2,6-O-TDMS-cellulose and
2,3-O-(2-bromoisobutyryl) 2,6-O-TDMS-cellulose were dissolved in toluene at a
specific concentration, and 10 µL of the solution was cast onto a glass slide under
a relative humidity of 75% and a temperature of 22 ± 2 °C.

Surface-Initiated ATRP

10 mL of a 10 wt % (NIPAm/H2O) solution was added to a Schlenk flask
and degassed through 4 freeze-pump-thaw (FPT) cycles. CuCl (3.6 mg, 2.5
µmol/mL), CuCl2 (8.3 mg, 3.7 µmol/mL), Cu (0.95 mg, 1.5 µmol/mL) and
Me6TREN were added to the Schlenk flask and mixed well. To initiate the
reaction the honeycomb-patterned film was then inserted into the solution. The
reaction proceeded at room temperature overnight under an argon atmosphere
after which the films were thoroughly washed with distilled water.

Results and Discussion

The regioselective modification of cellulose was performed according to
Koschella et al (2) where cellulose was reacted with TDMS-Cl in DMA/LiCl. The
resulting 2,6-O-TDMS-cellulose was analyzed by quantitative 13C NMR (Figure
1). The degree of substitution of the TDMS group was determined by setting the
integral value for the C1 carbon of the AGU to 1.00. The corresponding TDMS
carbon integrals at C7 (Si-CH3), C8 and C9 (C-CH3) were 4.07, 4.46 and 4.31,
respectively and 2.02 and 2.11 for C11 and C12, corresponding to a TDMS DS
of ~2.1.
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Figure 1. Quantitative 13C NMR of 2,6-O-TDMS-cellulose with DS ~ 2.1.

Synthesis of 3-O-(2-Bromoisobutyryl)-2,6-O-TDMS-cellulose

Scheme 1. Synthetic scheme to synthesize 3-O-(2-bromoisobutyryl)-2,6-O-TDMS-
cellulose. a) DMA/LiCl, TDMS-Cl, imidazole b) pyridine, 2-bromoisobutyryl

bromide, THF.
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In the present study, the regioselective macroinitiator 3-O-(2-
bromoisobutyryl)-2,6-O-TDMS-cellulose was prepared by reacting
2-bromoisobutyryl bromide with 2,6-O-TDMS-cellulose in the presence of a
base and THF (Scheme 1). The reaction conditions were optimized to maximize
the 2-bromoisobutyryl DS while minimizing the extent of degradation of the
cellulose backbone. Table 1 lists the optimization conditions, which included the
ratio of base and 2-bromoisobutyryl bromide, as well as temperature, time and
base used.

Table 1. Optimization parameters used for the synthesis of
3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose

Temp
(°C)

Time
(hour) Base Ratio DS Mn DP PDI

2,6-O-TDMS-cellulose 39,480 88 2.5

1 RT 19 Pyr 1:11:10:0 0.16 32,910 70 1.24

2 RT 19 Pyr 1:21:20:0 0.21 30,190 63 1.22

3 Refl 19 Pyr 1:11:10:0 0.22 26,350 55 1.29

4 RT 48 Pyr 1:11:10:0 0.28 30,014 61 1.27

5 RT 19 Im 1:11:10:0 <0.1 30,690 67 1.21

6 Refl 19 Pyr 1:20:20:0.05 0.26 N/A N/A N/A

(RT = room temperature; Refl = Reflux; Pyr=pyridine; Im=imidazole; Ratio= 2,6-O-
TDMS-cellulose:base:2-bromoisobutyryl bromide: N,N-dimethyl-4-aminopyridine).

The degree of substitution of 2-bromoisobutyryl was calculated based on the
1H NMR spectrum by comparing the integral areas of the signals for the methyl
proton of isobutyryl group, around 2.0 ppm with the anhydroglucopyranose unit
protons at 3.0-5.5 ppm which was calibrated to 7. Figure 2 shows a representative
1H NMR spectrum for a 3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose
macroinitiator. Despite varying the reaction parameters and conditions, the
highest DS was found only to be ~0.3, substantially lower than anticipated. In
fact the use of a stronger base such as N,N-dimethylaminopyridine (experiment 6)
did not improve the DS, under extreme conditions of 1:20:20:0.05, 2,6-TDMS-
cellulose:2-bromoisobutyryl bromide: pyridine:N,N-dimethyl-4-aminopyridine
under reflux for 19 hours, a DS of 0.26 was still achieved.
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The unexpectedly poor reactivity of the regioselective 2,6-O-TDMS-cellulose
may be a result of steric and electronic effects arising from the bulky
thexyldimethylsilyl protecting groups, particularly that at position 2 of the AGU.
Therefore, we attempted to reduce these effects by decreasing the DS of the TDMS
group at the C-2 position. To decrease the DS at the C-2 position the TDMS-Cl
– cellulose reaction was modified by using lower equivalents of TDMS-Cl in the
presence of imidazole in a ratio of 2:3:1 (TDMS-Cl:imidazole:cellulose) and at
a lower temperature, 90 °C instead of 100 °C, as described in the literature (2).
A 2,6-O-TDMS-cellulose with a lower DS of TDMS (approximately 1.3) and
higher molecular weight was obtained (Table 2). The DS was calculated from the
quantitative 13C NMR analysis (Figure 3) as described above.

Figure 2. 1H NMR spectrum of 3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose.
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Figure 3. Quantitative 13C NMR of 2,6-O-TDMS-cellulose with DS ~ 1.3.

Synthesis of 2,3-O-(2-Bromoisobutyryl)-2,6-O-TDMS-cellulose

As per the synthesis of the regioselective 3-O-(2-bromoisobutyryl)
2,6-O-TDMS-cellulose the 2-bromoisobutyrylation of the lower DS (~1.3)
2,6-O-TDMS-cellulose was optimized. The first parameter varied was base.
Three different bases were investigated: pyridine, imidazole and triethylamine,
and the result on DS of the 2-bromoisobutyryl moiety as well as polymer
molecular weight are shown in Table 2. Reactions run with pyridine obtained the
highest 2-bromoisobutyryl DS, accompanied with a slight decrease in molecular
mass. Imidazole and triethylamine produced very low 2-bromoisobutyryl DS
products, with 0.10 and 0.13 DS respectively. The molecular weight did not
significantly decrease in the reactions with imidazole, whereas that with TEA
causes a somewhat large drop in molecular weight relative to the degree of
substitution.
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Table 2. Effect of base on the synthesis of 2,3-O-(2-bromoisobutyryl)-2,6-O-
TDMS-cellulose

Base Ratio DS Mn DP PDI

2,6-O-TDMS-cellulose 54,000 121 2.4

1 Pyridine 1:5:5 0.30 46,000 94 2.4

2 Imidazole 1:5:5 0.10 53,000 115 2.2

3 Triethylamine 1:5:5 0.13 46,000 99 2.2

4 Pyridine 1:5:10 0.35 53,000 115 1.9

(all samples were run at room temperature for 19 hours; Ratio= 2,6-O-TDMS-
cellulose:base:2-bromoisobutyryl bromide).

We then examined the effect of increasing the ratio of base:2-bromoisobutyryl
bromide (experiment 1 vs. 4). We observed a similar DS (0.3-0.35) but a
slightly higher Mn. When we increased the temperature of the reaction we saw a
substantial increase in DS, but a significant drop in Mn was observed (Table 3).
Refluxing the reaction mixture for 48 hours produced a 2,3-O-(2-bromoisobutyryl)
2,6-O-TDMS-cellulose with the highest DS of 0.83, but also the lowest Mn.

Table 3. Effect of time and temperature on the synthesis of
2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose

Temp
(°C)

Time
(hour) Ratio DS Mn DP PDI

4 RT 19 1:5:10 0.35 53000 115 1.9

5 Reflux 6 1:5:10 0.43 31000 61 2.2

6 Reflux 19 1:5:10 0.53 27000 51 2.4

7 Reflux 48 1:5:10 0.83 21000 37 3.4

8 Reflux 19 1:5:10 0.53 27000 51 2.4

(RT = room temperature; Ratio= 2,6-O-TDMS-cellulose:base:2-bromoisobutyryl
bromide).

The impact of the various reaction parameters was further investigated by
varying the equivalents of 2-bromoisobutyryl bromide to 2,6-O-TDMS-cellulose
from 1 to 20 equivalents (Table 4). Increasing the molar equivalents increased the
DS (experiment 9-12), with the highest equivalents, 1:20 (experiment 12) showing
the best results with regards to DS, however again a decrease in Mn was observed.
A further increase in DS was observed when the molar equivalents of pyridine was
increased to 20 molar equivalents relative to 2,6-O-TDMS-cellulose (experiment
13). The result was a DS of 0.8 and a PDI of 2.1 with a further drop in Mn to
3.7*104 g/mol.
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Table 4. Effect of changing the mole equivalents of 2-bromoisobutyryl
bromide and pyridine in the synthesis of 2,3-(2-bromoisobutyryl)-2,6-O-

TDMS-cellulose

Base Ratio DS Mn DP PDI

9 Pyridine 1:10:1 0.39 54000 107 2.6

10 Pyridine 1:10:5 0.35 53000 106 2.4

11 Pyridine 1:10:10 0.58 51000 96 2.6

12 Pyridine 1:10:20 0.67 42000 77 2.8

13 Pyridine 1:20:20 0.78 37000 66 2.1

(all samples were run at room temperature for 19 hours; Ratio=2,6-O-
TDMScellulose:base:2-bromoisobutyryl bromide).

Although the DS obtained using the 2,6-O-TDMS-cellulose:Base:2-
Bromoisobutyryl bromide of 1:20:20 significantly increased the DS, to ~0.8,
a significant number of hydroxyl groups were still unreacted, ~0.9 based on a
2,6-O-TDMS-cellulose with a DS of ~1.3. Therefore the effect of sequential
reaction cycles on the DS was evaluated, and the results obtained are presented
in Table 5.

Table 5. Effect of 2nd reaction cycle on the synthesis of
2,3-O-(2-bromoisobutyryl) 2,6-O-TDMS-cellulose

1st cycle 2nd cycle DS Mn DP PDI

14 19h, RT 19h, RT 0.84 24000 42 2.6

15 19h, RT 3h, reflux 0.82 23000 40 1.9

(RT = room temperature; Ratios = 2,6-O-TDMS-cellulose : base : 2-bromoisobutyryl
bromide, 1:20:20).

The addition of a second reaction cycle, whether at room temperature (RT)
or at reflux did not improve the DS, but dramatically decreased the Mn. Thus,
the highest DS (~0.8) 2,3-O-(2-bromoisobutyryl) 2,6-O-TDMS-cellulose with an
acceptable Mn (~3.7*104 g/mol) was obtained by reacting 2,6-O-TDMS-cellulose
with 2-bromoisobutyryl bromide for 19 hours in the presence of pyridine, at room
temperature with a 2,6-O-TDMS-cellulose:pyridine:2-bromoisobutyryl bromide
ratio of 1:20:20.
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As mentioned above, 50% of the available hydroxyl groups were not
derivatized even under the most extreme conditions investigated; high
temperature, base and time. In the regioselective 3-O-(2-bromoisobutyryl)
2,6-O-TDMS-cellulose a maximum DS of 0.3 or 30% conversion was obtained.
Therefore we investigated the allocation of the 2-bromoisobutyryl groups at the
C-2 and C-3 positions of the AGU to see if there was an increase in DS at the C-3
by decreasing the steric and electronic effects of the C-2-TDMS groups. Figure
4 shows the 1H NMR of 2,3-O-(2-bromoisobutyryl) 2,6-O-TDMS-cellulose. In
addition to the various signals associated with the 2,6-O-TDMS-cellulose and
with the methyl protons from 2-bromoisobutyrl moiety, two new signals were
detected at 5 and 5.2 ppm. These signals can be assigned to protons at C-2 and
C-3, respectively, when they are substituted with 2-bromoisobutyryl groups.

Similarly, from the 13C NMR spectrum (Figure 5) the two different carbonyl
peaks associated with 2-bromoisobutyryl substitution of the C-2 and C-3 positions
can be clearly seen (peak 13). Analysis of the two peaks at ~170 ppm reveals
the DS of the C-2 (~0.5) > C-3 (~0.3), and indicates that the increase in DS is
completely due to substitution at the C-2 position. Thus steric and electronic
effects arising from the C-2 position are not responsible for the low DS achievable
at the C-3 position.

Figure 4. 1HNMR spectrum of 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose
in chloroform.
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Figure 5. 13C NMR spectrum of 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-
cellulose in benzene.

Honeycomb Film Formation

Honeycomb films were prepared from both 3-O-(2-bromoisobutyryl)-2,6-
O-TDMS-cellulose and 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose.
It should be noted that both polymers have the same C-3 DS ~0.3; the
2,3-O-(2-bromoisobutyryl) 2,6-O-TDMS-cellulose has a total 2-bromoisobutyryl
DS~0.8 (DSC-3~0.3, DSC-2~0.5). As with our previously reported ethyleneglycol-
modified 2,6-O-TDMS cellulosics both 3-O-(2-bromoisobutyryl)-2,6-O-
TDMS-cellulose and 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose
were soluble in toluene (3). Figure 6 shows optical microscope images
of the films obtained for 3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose
and 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose using the optimized
conditions: 3 mg/mL in toluene, 75 % relative humidity (RH), and an air flow to
film surface of 5 mm.

Unlike the 2,6-O-TDMS-cellulose which did not form honeycomb-patterned
films, (3) both 3-O-(2-bromoisobutyryl)- and 2,3-O-(2-bromoisobutyryl)-2,6-O-
TDMS cellulosics did form patterned films. However, despite our best efforts,
the regioselective 3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose did not
produce a uniform honeycomb like structure. In 2,6-O-TDMS-cellulose the
hydroxyl group in the C-3 position is available to interact through hydrogen
bonding with the pyranose ring C-5 oxygen, thereby affecting the rigidity and
perhaps the ability to form the necessary spherical shape required for honeycomb
film formation (16). By substituting the C-3 position these intramolecular
interactions may be reduced and honeycomb-like structures thus produced.
However, the limiting DS may preclude uniform film formation. By contrast
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the 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose formed more regular
honeycomb-structured films. Perhaps changing the substitution pattern at the C-2
from TDMS to 2-bromoisobutyryl further impacted the intra- and intermolecular
interactions and thus molecular shape, resulting in better pattern formation. Figure
7 shows the SEM images of 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose
honeycomb films; the pores are approximately 1 µm in diameter.

Figure 6. Optical microscope images of the thin films formed from
regioselective 3-O-2-(bromoisobutyryl)-2,6-O-TDMS-cellulose (left) and

2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose (right).

Figure 7. SEM images of the 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose
honeycomb films.
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Surface-Initiated ATRP

The 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose honeycomb-
patterned films were modified by surface initiated ATRP of NIPAm. The
experimental conditions were based in previous work (33) and are described in
Table 6.

Table 6. Experimental conditions used in the surface initiated ATRP

NIPAm/H2O CuBr CuBr2 Cu ° Me6TREN

1:10 2.5µmol/ml 3.7µmol/ml 1.5µmol/ml 8.7µmol/ml

0.1:10 2.5µmol/ml 3.7µmol/ml 1.5µmol/ml 8.7µmol/ml

Two conditions were run, one with a solution of 10 wt % and the other with 1
wt % NIPAm/H2O. At the higher monomer content the grafted pNIPAm polymer
chains covered the honeycomb film surface, completely obscuring the honeycomb
film pattern (Figure 8 bottom). On the other hand, reducing the amount of NIPAm
lead to the surface morphology being preserved (Figure 8 top). However, the pore
size decreased and the pore size distribution increased as compared to the original
film. Pore sizes varied between 0.4 to 1 µm.

Figure 8. SEM images of thin film from 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-
cellulose before (left) and after SI ATRP (right) with 1 wt % (top) and 10 wt %

(bottom) of NIPAm/H2O.
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In addition to microscopic analysis of the pNIPAm surface grafted
honeycomb-patterned films, the effect of pNIPAm on the surface hydrophilicity
was measured by contact angle (Figure 9). As expected the originally hydrophobic
2,3-O-(2-bromoisobutyryl) 2,6-O-TDMS-cellulose surfaces became more
hydrophilic after SI ATRP with NIPAm. Again, increasing the amount of pNIPAm
on the surface more dramatically changed the surface energy and resulting contact
angle.

Figure 9. Contact angle measurements of thin films from 2,3-O-(2-
bromoisobutyryl)-2,6-O-TDMS-cellulose before (left) and after SI ATRP (right)

with 100 (top) and 10 (bottom) equivalents of NIPAm.

Conclusions
In this paper we explored the 2-bromoisobutyration of 2,6-O-TDMS-cellulose

for the fabrication of honeycomb films. The maximum DS of 2-bromoisobutyryl
groups in 3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose was 0.3. However,
by decreasing the TDMS substitution at the C-2 position of the 2,6-O-TDMS-
cellulose enabled higher 2-bromoisobutyryl DS values to be obtained (max ~0.8),
but the enhancement was only due to substitution of the vacated C-2 position
hydroxyl groups. Both compounds produced honeycomb-patterned films,
however the latter 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose films were
much more uniform. Surface-initiated ATRP was successfully performed on the
2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose honeycomb films. pNIPAm
polymer brushes where successfully grafted from the surfaces, the properties of
which depended on the monomer concentration used. At high NIPAm loadings
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(10 wt % NIPAm/H2O) the porous honeycomb structure was lost, and a rough
continuous hydrophilic surface was formed. At much lower NIPAm loadings
(1 wt % NIPAm/H2O) the honeycomb structure was maintained, albeit much
less regular in structure. SI ATRP with NIPAm decreased the contact angle of
the 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose films from 99.9° to 73.2°
(1 wt % NIPAm/H2O) to 54.5° (10 wt % NIPAm/H2O). We believe this system
may serve as scaffold for cell growth with the ability to control the attachment
and detachment of cultured cells. Furthermore, the honeycomb-patterned films
can also be used as a platform with which to develop novel cellulosic films and
membranes with tailorable properties through the grafting-from technique of
specific polymers.
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Chapter 4

Bacterial Cellulose Aerogels: From Lightweight
Dietary Food to Functional Materials

Falk Liebner,* Nikita Aigner, Christian Schimper,
Antje Potthast, and Thomas Rosenau

University of Natural Resources and Life Sciences, Vienna, Austria
Department of Chemistry, UFT Campus Tulln, Konrad-Lorenz-Straße 24,

A-3430 Tulln, Austria
*E-mail: falk.liebner@boku.ac.at

Aerogels are highly porous, extremely lightweight materials
that have a huge application potential. Following their inorganic
and organic predecessors, such as the “famous” silica-based
materials, aerogels from renewables, in particular cellulose,
are sometimes regarded as the third, “young” generation of
aerogels, and research in this field has literally undergone
a boom at the turn of the millennium. This book chapter
introduces a subclass of cellulosic aerogels: Bacterial cellulose
(BC) aerogels. Compared to mechanically, chemically or
enzymatically processed plant celluloses, BC features some
outstanding properties, such as high purity, high molecular
weight and high gelation that render this natural source an
excellent candidate for biomedical applications. Following a
brief introduction of the natural resource bacterial cellulose,
the chapter describes in detail the preparation of BC aerogels
and comprehensively discusses their properties, in particular
their pore features and their response to mechanical stress.
Furthermore, the loading of BC aerogels with bioactive
compounds is reported, revealing the potential for controlled
release applications. The preparation of interpenetrating
networks that consists of BC and a second polymer, such
as cellulose acetate, is shown to have a strong mechanical
reinforcement effect. Based on their recent work, the authors
finally propose a new definition that might help to describe
“aerogels” more precisely.

© 2012 American Chemical Society
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Introduction

Nata de coco is a well-known chewy, translucent dessert originating from
the Philippines, produced by bacterial fermentation of coconut liquid. It can be
found as a food additive in drinks, ice cream, puddings or as small, cubic pieces
in aromatized, sweetened jellies that are sold in Asian supermarkets around the
world. As the fibrous base of nata de coco consists of pure bacterial cellulose it
would be tasteless without being aromatized. Furthermore, it is indigestible and
therefore used as a dietary food.

However, nata de coco features some other properties that render this
natural product an interesting source for the development of functional materials.
Provided that the water filling the open-porous voids between the cellulose
microfibrils would be replaced by air, extremely lightweight, materials could
be obtained. Similarly as with other types of aerogels there would be a wide
range of technical applications for such materials, such as in tissue engineering,
high-performance thermal or acoustic insulation, advanced filter techniques,
controlled release of bioactive compounds, catalysis, or electrochemical
applications.

Along with the increasing societal interest in valorization of biomaterials,
research on biopolymer-based hydro- and aerogels has been considerably
advanced over the past few years. In particular cellulosic aerogels are currently
a “hot topic” in material research due to both the vast quantities of cellulose
produced by terrestrial vegetation and its intriguing properties, such as high fiber
strength.

Next to plants with cellulose being an integral constituent of their cell
walls, there is also a variety of bacteria that have the ability to produce
cellulose as a byproduct of their metabolism, e.g. strains of Pseudomonas,
Achromobacter, Alcaligenes, Aerobacter, Rhizobium, Agrobacterium, Azotobacter
and Acetobacter (1). The driving force for bacteria to synthesize cellulose is
preservation and survival of their species since cellulose production enables them
to better adapt to a broad variety of habitats.

Acetobacter xylinum – a strain that is nowadays widely used for commercial
as well as scientific purposes – produces cellulose pellicles that keep the strain
floating on the surface of the culture medium for maintaining sufficient oxygen
supply. Other bacteria as for example Agrobacterium tumefaciens that are plant
pathogens use cellulose for better attachment to plants, similar to the symbiotic
Rhizobium spp. Another kind - Sarcina ventriculi - aggregates to packets and
protects itself with a cellulose hull (2). Many further examples for environmental
adaption exist, and the comparatively recent discovery of Enterobacter by
Fujiwara et al. (3) in 2001 or the isolation of a cellulose-producing Enterobacter
stem from rotten apple by Hungund and Gupta (4) may serve as indicators for
both – the still ongoing discovery of cellulose producing bacteria and the frequent
occurrence of such bacteria in our environment.

In contrast to plant cells, bacteria produce cellulose as an extracellular
substance. At the end of a complex biosynthetic pathway (see e. g. Ross
et al. (2)), cellulosic elementary fibrils are released into the environment
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through a number of rosette-type “biological spinnerets” lined up in the terminal
endoplasmatic complexes of the bacterium, and eventually aggregate into ribbons
typical for bacterial cellulose. An interesting aspect of cellulose generation by
bacteria is cell division as it contributes to the microstructure of the cellulose
pellicle. The cellulose synthesizing sites are also duplicated during cell division
(5), and when this process is finished, mother and daughter cell are connected to
the same cellulose ribbon which contributes to interconnections and entanglement
in the framework.

As soon as a suitable cellulose producing stem is isolated, it needs the right
conditions in terms of temperature, oxygen supply and nutrients to be able to
synthesize cellulose. As a nutrient source, several growth media exist, one that is
very common is a mixture introduced by Schramm and Hestrin in 1954 (6) and
thus referred to as “Hestrin-Schramm growth medium”, which consists of 20 g l‐1
glucose, 5 g l‐1 peptone, 5 g l‐1 yeast extract, 1.15 g l‐1 citric acid monohydrate
and 6.8 g l‐1 Na2HPO4×12 H2O. Other growth media include the very easily
prepared Waterman’s sucrose beer solution which is obtained by “adding 40
grams of sucrose to a liter of beer” (7) or coconut milk that is the source of the
above-mentioned indigenous dessert nata de coco.

Fermentation can be accomplished in different types of fermenters. The most
straightforward construction is static cultivation involving a vessel filled with an
adequate growth medium (8, 9). The medium is inoculated with the respective
bacteria which, after a lag phase, begin to produce cellulose. A problem with
static cultivation is that the possible maximum thickness of the cellulose pellicle
is limited by the fact that the aerobic bacteria reside on top of it and the growth
medium has to diffuse through an increasingly thick barrier of cellulose. To
overcome this problem, agitated fermenters can be used providing better contact
with oxygen and growth medium. However, the oxygen abundance leads to
increased survival of non-cellulose producing mutants (Cel‐) (10). Also, shear
forces caused by agitation negatively influence the product on a microstructural
level, by reducing the content of Iα-type crystallites and hence lowering the
E-moduli for sheets pressed from this product, though a higher water holding
capacity compared to static cultivation was determined (11). Similar results with
respect to structural properties were obtained for cellulose produced in rotary
disk fermenters by Krystynowicz et al. (12), but the generation of Cel‐ mutants
could be inhibited by adding ethanol. In more recent approaches, the continuous
production of bacterial cellulose is investigated, for example in the horizontal
lift reactor (HoLiR) concept. This device slowly pulls a BC sheet off a basin
with a growth medium allowing for producing BC sheets of variable length and
adjustable thickness (13).

Generally, the bacteria type will determine the best fermenter/growth medium
combination which has to be separately determined for each of the different strains
to achieve satisfying results. However, the strong dependence on environmental
conditions, such as the composition of the culture medium, can be also utilized
to tailor the properties (porosity, composition and size of nanofibrils, mechanical
parameters etc.) of bacterial cellulose by adding modifiers to the culture medium
(cf. this chapter, below).
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BC Aerogels as a Sub-Class of Cellulosic Aerogels: Preparation,
Properties, and Application Potential

Complementary to regenerated cellulose (cellulose II polymorph) that has
been the main source of cellulosic aerogels since their early days about 10 years
ago (see the previous chapter), native cellulose (cellulose I polymorph) has only
recently moved into the limelight of research within this comparatively young
field.

Correspondingly, cellulose aerogels are nowadays distinguished by their type
of cellulose crystal structure that dominates the final product. It is affected by both
the technique of aerogel preparation and the type and origin of cellulose used:

1) Cellulose II aerogels: Molecularly disperse dissolution and subsequent
regeneration/coagulation of cellulose or commercial pulps inevitably
affords the thermodynamically more stable cellulose II polymorph to be
formed – regardless of whether the cellulose dissolved originates from
plants or bacteria (14–24).

2) Cellulose I aerogels (Iα, Iβ): The different cellulose I crystal phases
(Iα, triclinic, P1: dominating in bacterial cellulose; Iβ, monoclinic, P21:
dominating in plant cellulose) are preserved as the preparation protocols
circumvent dissolution and subsequent coagulation. While BC is mostly
used without further pre-treatment (25, 26) plant cellulose for cellulose
I aerogels is commonly subjected to mechanical disintegration and/or
enzymatic or chemical degrading procedures (nano- or microfibrillated
cellulose, NFC, MFC (27), nanocrystalline cellulose NCC (28)) to
increase the portion of crystalline domains or to obtain a preferred fibril
aspect ratio.

The considerable interest in cellulose I sources such as BC, NFC, MFC, or
NCC is due to the high portion of crystalline domains that adds considerable
strength to the cellulose network structure. A certain fibril aspect ratio provided,
some of the cellulose I lyogels (gels in which the pores are filled with a liquid) have
been successfully converted into lightweight aerogels already by conventional
drying as the “reinforced” cellulosic scaffolds much better resist capillary forces.
In contrast, in the case of (regenerated) cellulose II gels of comparable cellulose
content, supercritical drying is commonly the only choice to preserve the fragile
cellulose network structure.

Bacterial cellulose features not only high average molecular weight,
crystallinity, and mechanical stability (29). Its high purity and bio-compatibility
(30–32) are some of the additional features that render bacterial cellulose an
interesting source for highly porous scaffolds with considerable application
potential in biomedicine and health care (33, 34). Cosmetic applications
can already be found in the different fields of skin care where BC is used
as light scatterer for sunscreen applications (35) or as a stimulant for skin
tissue regeneration (36). Biomedical applications comprise the utilization of
open-porous BC scaffolds for production of artificial blood vessels (37, 38),
as matrices for slow-release applications of bioactive compounds (39), and in
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wound dressings for patients with burns, chronic skin ulcers or other extensive
loss of tissue (40), where such gels act as temporary skin substitutes with high
mechanical strength in wet state. The high water retention capacity of the
oxygen-permeable BC along with the high abundance of surface hydroxyl groups
seems to stimulate re-growth of skin tissue, while at the same time limiting
infection (36). Reinforced, yet biodegradable bacterial cellulose aerogels of
appropriate porosity are considered as a potential alternative to organ or tissue
transplantation as these materials are able to direct tissue generation from culture
cells (41).

Preparation of Bacterial Cellulose Aerogels

Static cultivation of bacterial cellulose has been accomplished in
aquarium-type glass tanks in Hestrin-Schramm culture medium (see above). After
inoculating the growth medium with a suspension of Gluconacetobacter xylinum
X5 wild type strain and a certain lag phase, extracellular expression of cellulose I
on the surface of the growth medium sets in. After 30 days of cultivation at 30°C,
most of the glucose is consumed and the thickness of the cellulose layer amounts
to about 3-4 cm. The harvested cellulose mats are than cut into pieces or sheets
of desired size, subjected to repeated alkaline treatment (0.1 M aqueous NaOH
at 90°C, 20 min, three times) to get rid of protein residues and by-products, and
finally neutralized by rinsing with deionized water for 24 h. For further use the
material can be stored in 70% aqueous ethanol.

BC aquogels can be easily converted into the corresponding aerogels
by freeze-drying. However, it was shown that freeze-drying can reduce the
re-wettability of BC aerogels by up to 10%, suggesting collapsing of some weaker
cellulose pore walls during drying. Supercritical drying as the most gentle drying
technique is therefore preferred if full preservation of porosity is imperative.

The first report on bacterial cellulose aerogels can be found in the Japanese
Journal of Polymer Science and Technology. Maeda et al. (42) converted
BC aquogels into the corresponding aerogels using supercritical ethanol and
obtained ultra-lightweight (≥ 6 mg cm-³ ), open-porous materials composed of
20-60 nm thick, network forming microfibrils that had a porosity of more than
99%. However, it must be assumed that the chemical integrity of cellulose
had largely suffered from hornification processes due to the rather harsh drying
conditions used (6.38 MPa, 243°C). The strong increase of stress measured at
60% strain (σ60%) from 20 kPa (hydrogel) to 54 kPa (aerogel) (42) may support
this assumption. It is known that thermal drying of lignocellulosic material
beyond 180-200°C causes considerable stiffening of the polymer structure (43)
and negatively affects both hydrophilicity and re-wettability. These drawbacks
can be circumvented if ethanol is replaced by supercritical carbon dioxide (scCO2
(26, 42); due to its low critical point (31.1°C, 7.38 MPa). Thorough replacement
of the pore water of BC aquogels by an appropriate organic solvent – preferably
ethanol – prior to scCO2 drying is the only pre-condition as water is immiscible
with scCO2. Solvent exchange is accomplished by gently shaking the aquogels
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in the twenty-fold volume of absolute ethanol. After 6 and 12 h, the gels are
transferred to a second and third bath with the same amount of fresh solvent.

The scCO2 drying step was performed in a laboratory-scale autoclave (Alltech
Grom GmbH, Germany) at 40°C. The alcogel was placed on a stainless steel filter
plate inside the autoclave. After equilibrating the closed autoclave at 40°C for 15
min, the systemwas pressurized over the bottom valve with liquid, pre-heated CO2
by a HPLC pump until a final pressure of 100 bar was reached. This state was
maintained for 15 min before the top valve was opened. The bottom valve was
subsequently switched to the separator, where ethanol and CO2 were separated by
an isothermal flush. In a first step, the ethanol-rich phase was flushed out of the
autoclave. Then, ethanol was drained from the gel pores at constant CO2 flow
rate of 1 g min-1 (26). After 60 min, the top valve was closed and the autoclave
was depressurized over the separator. Prior and after scCO2 drying, mass (±1
mg) and volume (±1 µm3) of the block-shaped cellulose aquogels and aerogels,
respectively, were recorded to calculate the density of the materials and the extent
of shrinking upon the drying step.

Properties of Bacterial Cellulose Aerogels

Figure 1 (left) shows a BC aquogel before and after drying with scCO2
(40°C; 10 MPa; 2 h). The far-reaching preservation of the BC aquogel’s shape
and porosity throughout solvent replacement and subsequent scCO2 drying was
obviously the most unexpected result of the first scCO2 drying experiments in
view of the very low cellulose content of the aquogels (1 w%). The observed
low shrinkage clearly distinguishes BC aerogels from their cellulose II-derived
counterparts that were previously obtained by dissolution/coagulation of different
commercial pulps according to the Lyocell approach (regeneration of cellulose
from solutions in N-methylmorpholine N-oxide monohydrate). In those cases,
strong shrinkage in the range of about 30% (18) and more (15) had been reported
for supercritical drying of the aerogels, even for solutions with the threefold
concentration of cellulose. For dopes that contained 1 w% of cellulose – about
the cellulose weight fraction of BC aquogels – shrinking even exceeded 60%
(15). While the densities of the cellulose II aerogels were consequently high,
ultra-lightweight cellulose bodies of an average density of 8.25 ± 0.7 mg cm-3 (n
= 10 (26);) have been obtained from the respective BC aquogels. Similar to the
most lightweight expanded polystyrene foams (16 mg cm-3 (44);), electrostatic
attraction or surface effects suffice to keep a larger piece of BC aerogel in
suspense on a fingertip (see insert of Figure 1, right).

Bacterial cellulose aerogels were furthermore shown to resist shrinking during
long-term storage even under humid conditions. Whereas cellulose II aerogels
suffer a significant volume reduction of 15.5% at 30% relative humidity (r.h.),
50.9% at 65% r.h. and 84.2% at 98% r.h. throughout 14 days of storage, BC
aerogels were confirmed to resist shrinking completely even at 98% r.h. for at least
several days. The almost zero shrinkage during scCO2 drying and open-air storage
is supposed to be mainly due to the high portion of crystalline domains present in
bacterial cellulose. According to Zugenmaier (45) the crystallinity index of BC is
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in the range of 65-79% whereas regenerated cellulose, such as Lyocell fibers, has
about 35% only. Also the molecular weight average of the cellulose sources has to
be considered as a reason for the intriguingly different dimensional stability of the
cellulose aerogels. Even though the degree of polymerization (DP) of BC does not
seem to be particularly high (4000-6000) compared to cotton (≤ 15000) or wood
(≤ 10000), separation (pulping), purification (bleaching), and the dissolving step
for gel preparation (NaOH, NMMO, e.g.) lead to a much lower effective DP for
such plant-derived pulps (commonly ≤ 1000) whereas the DP of BC can be fully
preserved as all of the above-mentioned treatments are not required in BC aerogel
manufacture.

Figure 1. Left: BC aquogel before (left) and after solvent exchange to ethanol
and subsequent scCO2 drying (right). Right: shrinkage of BC aquogels (empty
circles) and Lyocell dopes of different cellulose content (solid symbols, date taken

from (5, 18)) upon converting them into aerogels by scCO2 drying.

The full preservation of the pore features during solvent exchange from water
to ethanol and subsequent scCO2 drying and the high resistance towards shrinking
in aqueous environment are the factors that explain the surprising complete re-
wettability of BC aerogels. This special feature of BC aerogels - along with other
properties such as high purity, interconnected porosity and pore surface area -
renders them ideal materials for slow-release applications where a predictable
loading/unloading of active compounds is required (see below).

Porosity and Mechanical Properties

Characterization of ultra-lightweight soft materials, such as bacterial cellulose
aerogels, in terms of porosity, solid cellulose aggregate structure, and mechanical
properties is a challenging task. For porosity studies usually segments of the inner
parts of a sample are used as solvent exchange during preparation and the applied
drying techniques can easily alter the surface of specimen for example by diffusion
effects (46). However, standard sample preparation techniques, such as cutting
with a microtome cutter or - more simply - razor blades, are considered to bear a
high artefact-generating potential. Even after deep-freezing in liquid nitrogen the
problem remains due to the high elasticity and tensile strength of individual BC
cellulose ribbons on the one hand, and the very low solid volume fraction (and
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hence density) of the aerogels on the other hand. The same applies to dissection
by notching and subsequent transversal breaking by applying a combination of
tension and bending (18).

Scanning electron micrographs (SEM) confirm that the dense network of
bacterial cellulose nanofibers as present in BC aquogels is largely preserved
throughout the solvent exchange and scCO2 drying steps (see Figure 2). The
results of small-angle X-ray scattering (SAXS), nitrogen sorption at 77K
(calculation of the specific pore surface area by applying the models developed
by Brunauer, Emmett, and Teller, BET, and Benjamin, Johnson and Hui, BJH),
and thermoporosimetry with o-xylene as “confined” solvent confirmed that the
dimension of the voids between the nanofibers correspond to interconnected
micro-, meso-, and macropores. In particular smaller macropores of around 100
nm in diameter contribute mostly to the BC aerogel’s overall porosity which is in
good agreement with different series of SEM and ESEM pictures (Figure 2).

Figure 2. SEM (left) and ESEM (right) pictures of BC aerogels obtained by
solvent exchange (water → ethanol) and subsequent scCO2 drying at 40°C (10

MPa).

However, the occurrence of larger voids (“macropores”) is difficult to
investigate as thermoporosimetry – even though a powerful tool for multi-scale
pore characterisation of soft matter – has its upper detection limit at about 1-5
µm pore diameter. Larger macropores are thus not considered by this method
which is due to the underlying principles of differential scanning calorimetry,
with “confined” solvent in small pores causing a second peak in the DSC curve at
lower T relative to the freezing point of “free” solvent. The pore size distribution
of small pores that have a high “shielding” potential for the “confined” solvent
can be calculated from the relative shift (size) and peak area (percentage) of this
second peak, whereas the solvent in larger pores (Ø ≥ 1...5 µm) can be hardly
distinguished from “free solvent”.

Mercury intrusion – commonly the method of choice for studying macropores
– cannot be applied as the structure of the cellulosic aerogels completely collapses
under the applied high pressure. This is not only the case for BC aerogels, but has
also been reported for aerogels from plant cellulose (47), cellulose acetate (48),
polyurethane (49), and silica (50, 51).
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The mechanical response profiles to uniaxial compressive stress confirmed
that bacterial cellulose aerogels behave very much like cellular solids as the
different regions shown in Figure 3 correspond very well with those in the work
on cellular solids conducted by Gibson and Ashby (1982).

Figure 3. Left: sample stress-strain curve of a BC aerogel (a: adjustment region,
b: linear elastic deformation, c: non-linear elastic and plastic deformation, d:
plateau region, e: densification). Right: stress-strain curves under compression
in three orthogonal directions (direction 3: direction of growth; lines are mean
values of stress, grey background represents standard deviation, sample size

n=5).

The region within the first 3% of strain (Figure 3 left, a) is considered to be
an adjustment region where mainly irregularities in specimen geometry are evened
out. At around 5% strain the stress-strain relation is linear with a relatively constant
slope (b). This region is used to calculate the E-modulus under compression.
At higher compressive strain, the slope decreases (c) which is due to non-linear
elastic deformation (cell wall buckling) and beginning plastic deformation (cell
collapse). Subsequently, the stress-strain curve passes a plateau region (d) which
is of considerable size (from 15% to 40% strain). Eventually the material densifies
(e) leading to an exponential increase of stress over strain. The overall smoothness
of the curve and the absence of a peak after the linear elastic region indicate that
the material deforms in a ductile way on the microscale, in contrast to brittle foams
and silica aerogels.

Interestingly, no sample buckling was observed during compression.
The Poisson ratio, which describes the change of the cross-section area upon
application of mechanical stress, being in the range of 0.1 to 0.3 for silica aerogels,
was approximately zero for BC aerogels independent of the loading direction.
This is in good agreement with Sescousse et al. (52) who also reported a zero
Poisson ratio for cellulosic aerogels from EMIMAc solution, similar to cork.

Compression tests along the three orthogonal spatial directions revealed
that BC aerogels are transversely isotropic. Thus, unlike a unidirectional
fiber-reinforced composite, it features two directions with higher stiffness and
strength and a third direction with lower values, the latter being the growth
direction of the bacterial cellulose which is perpendicular to the interface between
culture medium and air. The E-moduli for the two stiffer directions 1 and 2 were
determined to be 0.149 MPa and 0.140 MPa, respectively. The third direction
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featured an E-modulus which was some 60% less (0.057 MPa). Strength behaved
similarly, being 7.05 kPa and 7.84 kPa for the two stronger directions 1 and 2,
respectively, and 4.65 kPa for the weaker direction 3.

Reinforcement of BC Aerogels

The extremely low density of BC-based aerogels is certainly one of their most
intriguing features. However, reinforcement is required for some applications due
to the relatively low mechanical strength and stiffness. Composite materials and,
in particular, interpenetrating networks are considered to be promising approaches
in this respect, and both inorganic (e.g. silica (53),) and organic polymers (e.g.
poly(methylmethacrylate) (54),) have been used for this purpose.

For formation of interpenetrating networks, simultaneous generation of the
two network components, subsequent gelation of a second component inside the
open-porous parent BC matrix, or loading and subsequent precipitation of the
reinforcing compound within the BC are possible approaches. ScCO2 is an elegant
means of preparing composites by loading/precipitation as different variants can
be applied: 1) Compounds that are soluble in scCO2 can be pre-dissolved in
the supercritical fluid and homogeneously distributed inside the porous matrix.
Subsequent depressurization into the subcritical region causes precipitation; 2)
Other compounds, insoluble in scCO2 but soluble in solvents that are extractable
with scCO2, can be precipitated directly during the drying procedure with
CO2 as the anti-solvent, as flushing of the CO2-expanded solvent phase causes
supersaturation and precipitation of the solute.

Following the second approach, bacterial cellulose/cellulose acetate (BC-CA)
composite aerogels have been prepared. The comparatively facile procedure
comprised 1) immersion of BC lyogels in cellulose acetate (CA; DS 2.5)
solutions of different concentration (10, 20, 30, 40, and 50 mg ml-1) in acetone,
2) precipitation of CA from solution into the BC network with CO2 as the
anti-solvent, and 3) replacing the CO2-expanded organic solvent by scCO2 (see
Figure 4).

Anti-solvent precipitation is based on the effect that the solvent power of a
scCO2-miscible solvent and CO2 sharply decreases close to the critical pressure of
the binary mixture at a given temperature and turns CO2 to act as an anti-solvent
(55). For mixtures of CO2 and acetone, the critical pressure is reached at around 8
MPa (56) at 40°C, and further pressurization causes solute precipitation inside the
porousmatrix. The advantage of thismethod is that immediately after precipitation
the composite lyogel can be converted into the corresponding aerogel, virtually
using the same conditions as the interfacial tension between liquid and supercritical
phase is here close to zero (57) which is a pre-requisite for supercritical drying (58).
To ensure supercritical conditions throughout the drying step a slightly higher CO2
pressure (10 MPa) than required for anti-solvent precipitation is used.

A strong correlation was observed between the CA concentration in the
loading bath and the apparent density of the resulting BC aerogels (R2=0.998, see
Figure 4, left). The intercept of the regression line is at about 10 mg cm-3 which
is in good agreement with the apparent density of the unmodified BC aerogels
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obtained from respective acetone lyogels (9.63 mg cm-3). Mechanical properties
also scaled well with apparent density. The E-modulus (under compression)
increased by a factor of 15 from 0.235 MPa to 3.561 MPa over the probed density
range (Figure 4, right). Yield strength calculated at 0.2% offset strain behaved in
a similar manner by increasing from 13 kPa to 123 kPa (see Table 1 for detailed
values).

Figure 4. Left: apparent density of BC aerogels vs. concentration of CA in the
loading bath. Right: E-modulus under compression vs. apparent density. Full
circles and whiskers indicate mean values (n = sample number) and standard
deviation, respectively. The dashed line in the right diagram represents a

power-law fitting of the data points.

Table 1. Apparent densities, Young’s modulus and yield strength of BC
aerogels modified with various concentrations of CA

E
[MPa]

Rp0.2
[kPa]

R
[mg cm-³]

0 9.63 0.235 0.013

10 20.69 0.921 0.024

20 28.31 1.193 0.051

30 39.05 1.634 0.070

40 49.12 2.722 0.101

50 57.94 3.561 0.123

The reinforcing effect of CA can be nicely demonstrated by means of
both unmodified and reinforced BC aerogels subject to scCO2 drying under
inappropriate conditions. Short drying periods and fast depressurization are
factors that easily cause pore collapsing and formation of larger voids of up to
100 µm in one spatial orientation for the unmodified BC aerogels (see left SEM
picture in Figure 5). However, if the bacterial cellulose network is homogeneously
reinforced with CA prior to drying, the reinforced BC network resist much better
the capillary forces, hence minimizing or avoiding pore collapsing and formation
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of the above-mentioned large macropores (Figure 5, middle and right SEM
pictures).

Figure 5. SEM images of rapidly depressurized BC aerogels prior to (left) and
after reinforcement with cellulose acetate corresponding to a BC:CA ratio of

about 1:1 (w/w; middle) and 1:3 (w/w, right).

Bacterial Cellulose Aerogels: Highly Porous Scaffolds for
Controlled Release Applications

The high molecular weight and the high percentage of crystalline domains are
factors that lead to an outstanding high dimensional stability of bacterial cellulose
throughout both solvent exchange from water to ethanol, and scCO2 drying. Thus,
the entire volume fraction formed by the voids between the nanofibrils of bacterial
cellulose remains fully accessibility for gases and liquids after converting BC
aquogels into the respective aerogels. The resulting quantitative rewettability
renders BC aerogels attractive matrices for controlled release applications in
cosmetics and medicine.

Haimer et al. (39) have shown that bioactive compounds such as D-panthenol
or L-ascorbic acid can be homogenously deposited onto the inner surface of
purified and sterilized bacterial cellulose under full preservation of their pore
features. The proposed facile procedure comprises the same steps as described for
reinforcement of BC aerogels with cellulose acetate, i.e. 1) thorough replacement
of water that originally fills the voids of bacterial cellulose by ethanol, 2)
immersing the resulting alcogels in an ethanolic solution of the respective
bioactive compounds, 3) homogeneous anti-solvent precipitation (loading) of the
bioactive compounds on the surface of the nanofibrils that form the “pore walls”
of the bacterial cellulose alcogels using carbon dioxide, and 4) subsequent scCO2
drying which affords the respective “loaded” aerogels (see above).

If the dry, loaded monolithic aerogel is then re-wetted by water for example,
and the bioactive compound is slowly released depending on solubility of the
compound and the diffusion rate.

Loading isotherms evidenced that loading of BC alcogels with D-panthenol
or L-ascorbic acid (Figure 6, left) is mostly driven by diffusion of the solution into
the porous matrix and not by specific interactions between solid matrix and solute.
This is supported by a) the shape of the loading isotherms that remained largely
linear even at very high solute concentrations close to the saturation limit in ethanol
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and b) the similar slopes of the loading isotherms expressed as correlation between
solute weight fraction in the aerogel and solute concentration in the loading bath
(D-panthenol: 0.026 ml mg-1; L-ascorbic acid: 0.029 ml mg-1).

Similarly, the exponential shape of the experimentally determined release
curves (Figure 6, right) suggested purely diffusion-driven release kinetics which
would be independent of the amount of loaded substance. Hence, unloading
of bacterial cellulose aerogels, i.e. the release of bioactive compounds from
loaded bacterial cellulose aerogels into water, and hence the solute concentration
should be primarily controllable by the thickness of the gel layer, but also by pore
features, such as pore geometry and pore size.

This was confirmed by Haimer et al. (39) who tried to predict the release of D-
panthenol and L-ascorbic acid from loaded bacterial cellulose aerogels of different
thickness according to the diffusion-based Korsmeyer model. The advantage of
this mathematical model is that it allows for simultaneous consideration of both
the diffusion of water into an open-porous matrix and of a given organic compound
out of it.

Starting with the initial content of bioactive compound that can be calculated
from the loading isotherm and based on a time- and location-independent
effective diffusion coefficient Deff,water of 5·102 cm2 min-1 that was experimentally
determined, the applied models were confirmed to be well suited to calculate the
release of the studied compounds by adjusting only one parameter, namely the
effective diffusion coefficient of the respective bioactive compound Deff,drug.

Deff,drug values of 6.9 10-4 cm² min-1 and 5.94·10-4 cm2 min-1 were determined
for the release of D-panthenol and L-ascorbic acid from gel layers of a thickness
of 4.5 and 3 mm, respectively. Based on these effective diffusion coefficients the
release from gel layers of different thicknesses were calculated and compared with
the experimental values. The obtained release profiles confirmed that the release of
the bioactive compounds D-panthenol and L-ascorbic acid is basically diffusion-
controlled and can be adjusted by respective parameters, such as gel layer thickness
or porosity.

Figure 6. Left: loading and release of D-panthenol on/from BC aerogels:
Loading isotherms (25°C). Right: release of the active substances from loaded
gels of different layer thickness into water; experimental values (data points) and
mathematical modeling (solid line). Reproduced with permission from reference

(39). Copyright 2010 John Wiley and Sons.
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Revisiting the Definition of Aerogels
Quid hoc est? – What is it?

That is what the Old Romans would have asked in astonishment if they
ever put their hands onto a piece of ultra-lightweight, highly porous, fluorescent
bacterial cellulose aerogel as it is shown in Figure 7 (left).

The explanation is not as trivial as it might seem at a first glance. Even today -
about 80 years after the preparation of the first aerogels by Samuel Stephen Kistler
(59) – we rather tend to describe this comparatively young class of materials by
enumerating their intriguing, outstanding properties instead of providing a clear
general definition - which is due to the fact that to date no commonly accepted
definition exists.

Accompanying the strongly advancing aerogel research that had been
triggered by the advances of sol-gel chemistry in the 70ies, emerging scCO2
technologies in the 80ies, and the revival of polymer chemistry in the 90ies, a
considerable number of scientific papers has been devoted to aerogels and has
producedseveral attempts to define the term "aerogel". Gesser and Goswami
(60) limited the base material to a colloidal gel, i.e. a mixture of two continuous
phases on a microscopic level. Fricke and Emmerling (61) did not mention this
particular structural feature, however restricted aerogels to “...sol-gel derived
nanostructured materials...”. While the term nanostructured is applicable to
bacterial cellulose aerogels, the latter are neither sol-gel derived nor colloidal, as
shown above. Hüsing and Schubert (62) defined aerogels in a more general way
through the production process: “Materials in which the typical pore structure
and network are largely maintained when the pore fluid of a gel is replaced by
air...”, immediately mentioning a somewhat problematic point of their definition:
“However, it is not always clear to what extent the structure is maintained.” And
indeed, the claim that the structure of the wet gel remains intact throughout the
drying process is difficult to maintain because certain structural investigations
simply cannot be performed on wet gels, in particular for soft matter such as
cellulose. This makes the validation of the latter definition impossible in many
cases. Kistler (63) already concluded that one of the benefits of the ability to
replace the liquid phase in a gel by a gas is a better investigation of the gel
structure. To circumvent the weaknesses of the above mentioned definitions, the
authors believe that it would be more convenient to define aerogels by properties
that most of the published work agrees on. Based on their work with different
types of aerogels from renewable sources the authors would like to suggest the
following modified definition of aerogels:

Aerogels are solids that feature very low density, high specific surface
area and consist of a coherent open-porous network of loosely packed, bonded
particles or fibers.

This definition enables to distinguish aerogels from liquid foams (e.g.
whipped cream), packed beds (freshly fallen snow) and open porous metal foams
and gives them a particular place within the group of cellular solids.

Worth mentioning is the metaphor to describe the nature of aerogels rather
than a definition by Long and Rolison (64) – they compared aerogels to buildings
and look at the material from an architectural point of view. A building consists
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of a comparably little amount of walls (solid volume fraction) compared to the
volume occupied by rooms (void volume fraction). Doors and windows make a
building open porous and people moving through them are a good metaphor for
substances diffusing through an aerogel. Considering for instance Fritz Wotruba’s
Church of the Holy Trinity (Figure 7, right), even the packed particles constraint
seems met. The only difference that remains between buildings and aerogels is
the scale; while the appropriate unit for measuring buildings is obviously meters,
that for aerogels is six to nine orders of magnitude lower, namely on the μm to nm
scale. Nevertheless, this metaphor is not only interesting as a means of explaining
the nature of aerogels to laymen, but it can also help to visualize the role of the
chemist or materials scientist. Whoever designs the structure of an aerogel or
modifies its surface characteristics can be considered some kind of architect of the
material at the nanoscale level.

Figure 7. Left: ultra-lightweight, highly porous, fluorescent bacterial cellulose
aerogel homogeneously loaded with dodecyl-capped CuInS2 quantum dots and
dried with scCO2. Right: a macroscopic aerogel?! Fritz Wotruba’s Church of the

Holy Trinity in Vienna, Austria (anonymous photograph, 2005).

Summary and Concluding Remarks

We have approached a time period where the public awareness of the
limitation of fossil resources and the necessity of using renewable sources has
reached an encouraging level. Nowadays, renewables are still being mainly
used for energy production. However, it is safe to assume that the focus of
future resource utilization strategies will increasingly move from energy to
materials/chemicals as novel and more efficient energy production based on wind,
water, solar or nuclear energy will be provided, but no alternative sources to
chemical/material utilization exist.

The development of novel functional materials from renewable sources
is a fascinating field and a challenge to scientists of many disciplines.
Ultra-lightweight, highly porous cellulosic aerogels are representatives of such
a novel class of renewable-based materials, with their intriguing properties and
wide application potential being largely affected by the particular properties of
the biopolymer cellulose.
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Over the past few years cellulosic aerogels have been proven to be promising
materials that could be used in a large variety of technical applications such as
high-performance sound and heat insulation, gas sorption, filtration, or catalysis.
Recent approaches that have been succeeded to convert cellulosic aerogels into
electro-conductive, magnetic, or fluorescing, ultra-lightweight, porous matrices
of tailored properties further contributed to the awakening curiosity and interest
by the respective industrial sectors.

The high purity of bacterial cellulose and several outstanding mechanical and
surface properties render aerogels promising materials for cosmetic, biomedical
as well as even construction, insulation and building applications. Their use
as matrices for controlled release of bioactive compounds, as cell scaffolding
materials in tissue engineering for bone and cartilage repair are just a few
examples of the committed research in this field.
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Chapter 5

Cellulose Nanowhiskers in
Electrochemical Applications
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Over the past couple of years, we have been investigating the use
of nanocellulose, in the form of nanocrystals or nanowhiskers,
for applications in electrochemical sensor development, for
the creation of percolated conducting polymer networks, in
supercapacitor material design, and in the preparation of novel
electrocatalyst structures. We will give a concise summary
of important results from our past work and lay important
connections with the different parts. This overview shows the
versatility and great potential cellulose nanoparticles have in
electrochemical applications while employing straightforward
techniques for device assembly and fabrication. Extension of
this work towards free-standing functional membranes is also
discussed where appropriate.
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Introduction

The market demand for chemical sensors that are inexpensive, highly
selective and accurate has grown exponentially in recent years, especially in
fields of clinical studies and environmental monitoring (1–6). The production of
more cost effective electrochemical sensors with a high selectivity for a specific
analyte or class of analytes has been the major goal for researchers for years. One
way to modify electrodes to that purpose is to coat them with materials such as
Nafion (7, 8), PVC (9), and sol gel materials (10). The coatings either function
as a permselective barrier based on size (11, 12), charge (13, 14) or chirality
(15, 16), or as platforms for immobilization of enzymes (17, 18) in biosensors.
Commonly, the coating materials are expensive and/or difficult to prepare.
The use of materials that allow inexpensive, easy and versatile modification of
electrode surfaces would offer a major advantage over existing materials. Equally,
methods to modify electrode surfaces can be used to create functional conducting
networks, electrocatalysts, and supercapacitor materials on electrode surfaces.
Current commercial supercapacitors display specific energies of 2-12 Wh kg-1 and
specific power supply of 4-50 kW kg-1, as target values for future development,
with required charge-discharge cycle times variable between milliseconds and
hours depending on the application (19).

Cellulose, the most abundant natural material in the world, has much to offer
as a surface coating for electrodes. For example, it has the potential to improve the
selectivity and sensitivity of electrochemical sensors at a relatively small cost. As
a result, the use of cellulose films to modify electrode surfaces is well established.
Most reports however come from commercial sources in the form of patents rather
than scientific journal articles. This existing work, as will be reviewed briefly
below, is largely based on molecular cellulose films.

In a first example, cellulose acetate and cellulose acetate propionate
membranes have been used to immobilize glucose oxidase in a glucose biosensor
(20, 21). In this device, the protein immobilization method was instrumental in
the device performance (22). A nitrocellulose membrane has also been reported
to immobilize glucose oxidase for glucose sensing (23). Cellulose membranes
in cancer detection sensors have also been reported using two approaches:
Monoclonal capture antibodies were immobilized with horseradish peroxidase
on a hydroxyethyl cellulose-rhodinised carbon working electrode and umbilical
vein endothelial cells were seeded across an asymmetric cellulose triacetate
membrane of an ion selective electrode (24, 25). These devices were then used to
determine differences in potassium levels between healthy blood serum and that
of cancerous patients. Creatinine levels in the blood and urine are a good indicator
of renal and muscle function (26). By covering a creatinine-sensing electrode
based on immobilized creatine amidinohydrolase in hydrophilic polyurethane
with a cellulose acetate membrane, its working life was increased from one to
five days (27, 28). The cellulose acetate membrane prevented silver ions leaching
from the reference electrode from reaching the immobilized enzyme. As silver is
an effective inhibitor of creatine amidinohydrolase, the cellulose acetate barrier
was key in prolonged device performance.
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Thiomethyl- and thiosulfate-modified carboxymethyl cellulose onto which
biotin was immobilized was found to form stable monolayers onto gold surfaces
and to bind the protein streptavidin irreversibly (29). Immobilisation of DNA
or oligodeoxynucleotide fragments in a nitrocellulose matrix was used to study
DNA hybridization (30) and to determine heavy metal levels in blood serum
and environmental samples (31). A H2O2 sensor based on hemin-catalysed
H2O2 reduction has been reported (32). This device used a hemin impregnated
poly(ethyleneimine)/carboxymethyl cellulose film on a glassy carbon electrode.
Immobilisation of anti-gentamicin antibodies on a nitrocellulose strip allowed
the determination of gentamicin, an antibiotic used to treat infections in dairy
cattle. Gentamicin in milk samples was determined by competitive binding
of a gentamicin-glucose oxidase with the gentamicin in the samples followed
by measurement of the H2O2 produced by the glucose oxidase-gentamicin
conjugate when glucose solution was injected (33). A galactose sensor using
immobilized galactose oxidase on a cellulose acetate membrane gave a quick and
reliable indication of galactose levels in plasma and blood (34). Similar work
on sucrose determination in food used three enzymes, glucose oxidase, invertase
and mutarotase, in cellulose acetate as well as in other polymers and found
poly(tetrafluoroethylene) to be the better material of the investigated polymers
(35).

Cellulose compounds have also been used as size selective barrier membranes
by blocking larger electroactive species that interfere with the analyte. Cellulose
acetate hydrolysed to various extents was found to improve dopamine selectivity
over epinephrine, norepinephrine and serotonin when used as a coating over
electrodes coated with a perfluorinated ionomer (36). This was later followed
up with a dopamine sensor having a nanoscale cerium(IV) oxide selective
carboxymethyl cellulose membrane employing the Belousov-Zhabotinsky
oscillating chemical reaction (37). Cellulose acetate membranes have also been
used as a size exclusion barrier to inhibit electrode fouling or poisoning (38–40).
Cobalt phthalocyanine was included to improve electron transfer kinetics.
Cellulose acetate membranes were further shown to display a higher permeability
for smaller neurochemicals (41). They were further investigated as a phase
inversion process membrane, similar to reverse osmosis membranes, whereby the
membrane protected the electrode from fouling but molecules smaller than 1500
Da still gave a fast response time (42). Using ultrathin cellulose acetate coatings
formed by electrospraying further improved the performance (43). Coating
silver/silver chloride electrodes with cellulose acetate has also been reported to
eliminate bromide and uric acid interference in chloride detection (44).

Combining carboxymethyl cellulose with alginic acid and poly(allylamine
hydrochloride) on a gold electrode enabled immobilization of ferricyanide
ions [Fe(CN)6]3- which could also catalyse the oxidation of ascorbic acid (45).
The same composite films were also made with poly(ethyleneimine) (PEI) and
poly(diallyldimethylammonium chloride) (PDDAC) as the cationic polymer.
These composite membranes showed ferricyanide binding on PDDAC to be
almost pH independent, while ferricyanide binding on PEI was enhanced in more
acidic media (46).
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Cellulose in the actual electrode material was shown to work by saturating
filter paper with an aqueous solution able to oxidize metals on a surface which then
diffuse into this cellulose electrode to be analyzed after extraction (47). Solid-
state reference electrodes were also prepared by a 3/7 weight ratio of cellulose
acetate/polyurethane offering a well characterized path for electrolyte and water
diffusion, a fast preconditioning and a strong adherence to solid substrates (48).
This composite also limits diffusion of internal electrolytes, resulting in a stable
reference potential over an extended time (48).

In our work, we moved away from using cellulose derivatives and focused
on cellulose nanowhiskers or nanocrystals (CNXLs), monocrystalline ribbon-like
rods, obtained from pure cellulose by acid hydrolysis (Figure 1). When using
sulfuric acid, a small amount of sulfate half esters (ROSO3-) are grafted on
the CNXL surface enabling the formation of stable aqueous dispersions. As is
well known in nanocomposite fabrication, these nanowhiskers form percolated
networks held together by interparticle hydrogen bonds (49–52). We have over
the last couple of years used these two effects to prepare cellulose nanowhisker
films on electrode surfaces by themselves or in a layer-by-layer deposition
approach with cationic polymer for sensing applications, with metal/metal
oxide nanoparticles or larger metal structures for electrocatalysis and sensing
applications, and with electrically conducting polymers. We have also used
CNXLs to form thin carbon coats onto metallic nanoparticles after pyrolysis.
Important findings from this work are combined in the ensuing sections.

Figure 1. Transmission electron micrograph of cellulose nanocrystals derived
from sisal (53). Reproduced with permission from reference (53) Copyright 2006

Springer.

Cellulose Nanowhiskers in Electrochemical Sensing
Applications

As mentioned before, chemical sensors for large scale application should
be inexpensive, highly selective and accurate. They should also give results in
as short a timeframe as possible. Development of new electrochemical sensors
should thus take into account all of these issues. Electrochemical sensors work
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through the signal generated by a redox process at the surface of an electrode.
The oxidation-reduction reaction can be the result of direct oxidation/reduction
of the analyte, changes in concentration of redox-active species at the surface
due to competitive binding with a redox-inactive analyte, or can come from
oxidation/reduction of a reaction product formed from the analyte near the
electrode surface. When modifying electrode surfaces, care needs to be taken to
retain full and unhindered access of the analyte, or the analyte reaction product, to
the electrode surface to preserve fast response times. Deposition of polymer films
thus needs to be very carefully controlled to achieve diffusion pathways from the
bulk solution containing the analyte to the electrode surface. To achieve a high
selectivity for a specific analyte, or a class of analytes, these diffusion pathways
will need to be selective, further complicating membrane deposition. Inclusion of
selective binding sites, or catalysts or enzymes to convert analytes to redox-active
species requires further optimization and control to be achieved.

Figure 2. Tapping-mode AFM image of a cellulose nanowhisker film on a glassy
carbon electrode prepared by drop coating with 10mL of a 1.5wt% aqueous

nanowhisker dispersion and drying at 40°C form 45 mins (54). Reproduced with
permission from reference (54). Copyright 2009 The Royal Society of Chemistry.

CNXLs form porous networks (Figure 2) which, once dried, retain their
integrity in aqueous solutions. This open porous network can be expected to
enable easy transport of species through the pores in the percolated network.
The high amount of hydroxyl groups of CNXLs can be further modified to
introduce binding sites for analytes, while codeposition with polymers can form
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an even easier and less expensive method to introduce these required binding
sites. Surface modifications or codeposition with polymers can thus be expected
to introduce selectivity in a relatively direct way without the need to redesign the
sensor assembly process. Such versatility could prove a significant advance on
current technology.

Therefore, initial investigations on CNXL electrode surface modifications
looked at the ability of CNXL membranes to immobilize analytes and to alter
access to the electrode surface. The potential of these membranes in sensor
development were investigated for a variety of potential applications.

Pure Cellulose Nanocrystal Films

To investigate the potential of unmodified CNXL films, pure CNXL films
were formed by drop-depositing sulfuric acid-extracted CNXLs from cotton from
a 1.5 wt% aqueous dispersion onto a glassy carbon electrode (54). After drying
at 40°C for 45 min, a 2 μm ± 0.5 μm film with 50-100 nm pores was formed
(Figure 2). This film retained mechanical integrity upon immersion in water and
remained attached to the glassy carbon electrode surface. The sulfate half esters
(ROSO3-) on the CNXL surface, bestow a negative charge onto the deposited
film covering the electrode surface (Figure 3). Indeed, the anodic and cathodic
peak currents ip,a and ip,c, for potassium hexachloroiridate ([IrCl6]3-) and ruthenium
hexammin ([Ru(NH3)6]3+) were found to decrease (to 34%) and to increase (to
216%) respectively, when compared to their peak currents at a bare glassy carbon
electrode. The peak currents for neutral ferrocene-methanol (FcOH)were virtually
unchanged with only a small reduction (to 81%) due to physical blocking showing
that physical access to the electrode surface was not significantly encumbered.
Mediator size was not a factor as they were all similar in size.

Figure 3. Schematic of a film of rod-like CNXLs with negatively surface
charge creating a negatively charged cover over the electrode surface without

significantly blocking physical transport.

Further confirmation of the mediator size not being the driver for this
behavior was obtained with anionic ferrocene carboxylate (FcOO-), resulting
in a peak current with the cellulose film only 40% of the bare electrode. This
shows that charge-based exclusion can easily be instilled by deposition of a
film of charged CNXLs. Determination of the apparent diffusion constants
of the mediators further showed that the diffusion of the cationic and neutral
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mediators ([Ru(NH3)6]3+ and FcOH, respectively) was not hindered in the
cellulose nanowhisker film, unlike the anionic mediator [IrCl6]3-, which showed a
reduction of the apparent diffusion coefficient by a factor of 10 when compared
to the solution diffusion coefficient. This confirms electrostatic blocking of the
electrode surface by the negatively charged nanowhisker film, which was further
corroborated by the mediator partition constants in the film.

Ru(NH3)63+ was also shown to follow Langmuir adsorption behavior into
the negatively charged film (binding by electrostatic interactions) with a binding
constant of 1.57 x 103 mol-1 dm3 and a Gibbs free energy of binding from a dilute
aqueous solution of -28.2 kJ mol-1, measured at room temperature.

Cellulose Nanocrystal-Polymer and -Metal Nanoparticle Composite Films

Instead of using surface groups of CNXLs to induce perm-selectivity or
immobilization functionalities, it is also possible to co-deposit CNXLs with
functional polymers or other nanoparticles. A straightforward method is the
layer-by-layer (LbL) approach with polymers or metallic nanoparticles having
an opposite surface charge to the nanowhiskers. We have shown this approach
to be very effective using CNXLs bearing deprotonated (negatively charged)
sulfate surface groups and positively charged TiO2 nanoparticles (55) as well as
poly(diallyldimethylammonium chloride) (PDDAC) (56) and chitosan (57). This
approach has been proven to be extremely versatile and could be used to introduce
virtually any desired functionality within the CNXL film. Variation in binding
sites can easily be achieved by varying concentrations of the constituents or
through deposition of successive layers until the desired amount is achieved. The
porosity of the obtained composite, resulting from the ribbon-like rigid CNXLs,
is retained and guarantees access of analytes to the binding sites. The versatility
of this co-deposition approach will become clear from the ensuing examples.

The cellulose nanowhisker/TiO2 nanocomposite films were prepared in a
LbL approach on indium tin oxide (ITO) with CNXLs derived from sisal by
submerging an ITO coated glass electrode in aqueous dispersion of the respective
composite components (55). The aim of this work was to create a film in a
straightforward manner with the same characteristics of mesoporous TiO2 films,
but with a more open pore structure which permits sensing of larger analytes.
The sisal nanowhiskers used had average cross-sectional dimension of around
4 nm and lengths around 250 nm (53). Drying of the film after each deposition
sequence at 50°C in air resulted in a mechanically stable film with a thickness
increase upon each deposition sequence of 16 nm. Figure 4 shows the comparison
of a pure cellulose nanowhisker film and a film formed by 20 subsequent
layers of TiO2-CNXLs. Importantly, the electrochemical behaviour of cellulose
nanowhisker/TiO2 films was similar to porous TiO2 films, with a current response
at -0.8 C vs SCE consistent with the sequential filling of the TiO2 electronic states
(58). Therefore, inclusion of TiO2 in the CNXL film created conductive pathways
enabling analyte sensing while the CNXLs ensured an open pore structure which
permitted diffusion, and thus sensing, of larger analytes.
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Figure 4. AFM images of film of (a) cellulose nanowhisker derived from sisal,
drop deposited in an ITO surface from aqueous solution and (b) a 20-layer
TiO2-cellulose nanowhisker composite film (55). Reproduced with permission

from reference (55). Copyright 2007 Elsevier.

Immersion of the coated electrode in a solution of bovine methemoglobin
protein, resulted in immobilization of this protein into the composite film. The
immobilized amount was found to increase linearly with increasing film thickness.
Methemoglobin can easily be perceived as a test redox system for other large
protein binding within the nanowhisker/TiO2 composite film and it has been used
widely in many types of film electrodes (e.g. in clay films (59), mesoporous silica
and TiO2 (60, 61), ZrO2–collagen composites (62), gold nanoparticle assemblies
(63), Fe3O4 nanoparticle composites (64), and hydroxyethylcellulose films (65)).
The behavior of the methemoglobin in the composite cellulose nanowhisker/TiO2
film depended on the immobilisation environment and the electrolyte during
potential cycling. In a pH 5.5 phosphate buffer solution for immobilisation,
spontaneous demetallation occurred, transforming methemoglobin into a
metal-free protein. In the case of methemoglobin immobilisation ina pH 5.5
acetate buffer, no demetallation occurred and a methemoglobin/hemoglobin
redox process with potential cycling occurred only close to the electrode surface
due to insufficient TiO2 electron conduction and transfer within the film. Facile
immobilisation of large proteins is thus possible while also exerting control over
the immobilised protein form.

Cellulose nanowhisker/PDDAC composite films were prepared in a similar
fashion to the TiO2 composite films, resulting in positively charged porous films
capable of binding negatively charged species (56). The cationic polymer can be
expected to coat the anionic CNXL surface during the LbL deposition leading
to an overall cationic electrode modification (Figure 5). These can be used as
free standing films or to accumulate anionic analytes at sensor electrode surfaces
for increased sensitivity. The use of PDDAC also introduces selectivity towards
hydrophobic anions. The critical aspect is to investigate whether sufficient binding
sites remain after LbL deposition and whether the porous CNXL membrane
structure is retained, i.e. the polymer does not form a continuous film and closes
the pores.

82

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
A

ug
us

t 2
8,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 A

ug
us

t 1
7,

 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

10
7.

ch
00

5

In Functional Materials from Renewable Sources; Liebner, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Figure 5. Schematic of coating of negatively charged CNXL with positively
charge polymer leading to an overall positively charged coating on the electrode
surface (larger amount of cationic polymer charge relative to anionic CNXL

surface charge).

By small-angle X-ray scattering (SAXS) measurements, the radius of
gyration of CNXLs was found to increase slightly upon co-deposition with
PDDAC compared to pure nanowhisker films accounting for the polymer layer
between nanowhiskers. Studying the ion permeability of these films (5μm thick)
deposited on a glassy carbon with the anionic [Fe(CN)6]3-/4- redox system in
aqueous 0.1 M KCl, the pure cellulose nanowhisker film showed a reduction of
the peak current for the [Fe(CN)6]4-/3- compared to a bare electrode, similar to the
earlier described behavior for [IrCl6]3-. Inclusion of 20% PDDAC into the film
reversed this effect with a substantial increase in peak current when compared to
the bare electrode response. The voltammetric response also changed from 0.21
V vs SCE (bare electrode and pure nanowhisker film-covered electrode) to 0.11
V vs SCE (nanowhisker/PDDAC-covered electrode), indicative of the move of
the one-electron redox system [Fe(CN)6]3-/4- from unhindered aqueous solution
to a membrane (66). Diffusion (both anionic diffusion along the polycationic
polymer and electron hopping between immobilized redox centers) was found to
be the dominating transport process in the membrane with a diffusion coefficient
estimated to be on the order of 10-15 m2 s-1, which is about 6 orders of magnitude
slower than that in water. Immobilisation of anionic [Fe(CN)6]3-/4- followed
Langmuirian behavior with a binding constant of K = 12.000 mol-1 dm3 in
aqueous KCl. Therefore, sufficient binding sites remain and the open CNXL
structure is retained, opening up a wide range of possible composites.

The application range of cellulose nanowhisker/PDDAC can also be
extended into detection of oxidisable organic compounds such as triclosan, a
polychlorinated aromatic phenolic biocide (56). Quantitative triclosan detection
by measurement of its oxidative anodic peak current has been reported on mercury
electrodes, at carbon microfibers, screen printed electrodes and carbon-PDDAC
thin-film electrodes (67–69). Triclosan was found to immobilise from a pH
9.5 phosphate buffer into the CNXL-PDDAC film, whereas no triclosan is
detected in the pure nanowhisker film. Irreversible triclosan oxidation in the
nanowhisker/PDDAC film which leads to polymer formation (Figure 6), limited
diffusion into the film and suppressed electron hopping contributions to charge
transport. This resulted in a linear dependence of the oxidative peak current
on scan rate. The cellulose nanowhisker/PDDAC film could easily detect
triclosan down to the micromolar level and displayed Langmuirian adsorption
characteristics with a binding constant K = 21.000 mol-1 dm3.
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Figure 6. Irreversible triclosan oxidation causing polymerisation (57).
Reproduced with permission from reference (57). Copyright 2008 Wiley-VCH

Verlag GmbH & Co.

Acompletely nature-derived alternative to the cellulose nanowhisker/PDDAC
system can be obtained with chitosan instead of PDDAC. Chitosan displays
ammonium functionalities at pH < 7 with a pKa reported in the range of 6-7 (70,
71). A composite of 50 wt% sisal-derived CNXLs and 50 wt% low-molecular
weight chitosan (75-85% deacetylation) showed similar behavior to the PDDAC
composite for the anionic [Fe(CN)6]3-/4- redox system in 0.1 M phosphate buffer
at pH 6 (57), i.e. a shift to more positive potential of the redox process compared
to pure cellulose film due to membrane immobilization, binding of the anion
into the composite film, and slow diffusion of the anion within the membrane.
However, unlike the PDDAC film, the influence of the chitosan containing
composite was pH dependent with a significant reduction of anion binding
capacity above pH 7, in agreement with the deprotonation of the ammonium
functionality at basic pH. An approximate Langmuirian binding constant value
in a highly simplified description of the process for [Fe(CN)6]4- binding in the
cellulose nanowhisker/chitosan composite film was obtained as 2200 mol-1 dm3.
The [Fe(CN)6]4- concentration was further found to vary linearly with chitosan
content in the composite and the diffusion zone extended to about 200 nm from
the electrode surface (at a scan rate of 50 mV s-1).

In the case of competitive binding, the [Fe(CN)6]3-/4- redox system can also
be used to determine the concentration of non-electrochemically active anionic
species. Anionic surfactants are widely used in emulsifications and an accurate
non-invasive method to determine their concentration in waste, food and drink
items would be very beneficial. Sodium dodecyl sulfate (SDS) is a widely used
anionic surfactant and is known to bind well to chitosan (72). The voltammetric
signal from a chitosan/cellulose nanowhisker composite films exposed to 1
mM Fe(CN)64- (15 min, phosphate buffer at pH 6) with and without 100 μM
SDS, showed a reduced redox signal when SDS was present. This indicated
preferential binding of SDS to the chitosan, opening up the possibility to use this
effect to determine the SDS concentration. Based on the Langmuir isotherm for
competitive binding (Equation 1), the binding constant for SDS on chitosan can
be determined:
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with K[Fe(Cn)6]4− the binding constant for ferrocyanide determined without SDS
competition, [[Fe(Cn)6]4-] the concentration of ferrocyanide in the pretreatment
solution, KSDS the unknown SDS binding constant, and [SDS] the SDS
concentration in the pretreatment solution. At different SDS concentrations,
which result in a lower [Fe(CN)6]4- oxidation response, KSDS was determined to
be 3.3 x 104 mol-1 dm3. With this binding constant known, SDS concentration in
unknown samples could be determined by choice of the appropriate ferrocyanide
concentration.

Triclosan detection in the cellulose nanowhisker/chitosan was again similar
to the cellulose nanowhisker/PDDAC composites with triclosan oxidation only
occurring very close to the electrode surface and with a lack of diffusion (57). The
estimated Langmuir binding constant was significantly lower at 2600 mol-1 dm3 at
alkaline pH of 9.5 in a 0.1 M phosphate buffer. This indicated that the electrostatic
and hydrophobic interactions were significantly weaker.

Having proven the ability to use polycationic polymers to detect
electrochemically and non-electrochemically active anions, we also studied
cellulose nanowhisker composite films containing boronic acid binding sites (73).

Stable composite membranes were formed by solvent casting a solution of
boronic acid appended poly(amidoamine) dendrimer (generation 1, Figure 7)
and CNXLs from a 10:1 methanol/water mixture and drying at 60°C for 1 h.
Incorporation of the boronic acid-appended dendrimer resulted in an increase in
the apparent nanowhisker radius of gyration from 11.4 nm (pure nanowhisker
film) to 15.3 nm (composite membrane) as determined by SAXS, showing that
the dendrimer opens up the structure of the film. The increase in the radius of
gyration is also consistent with the dendrimer’s diameter of approximately 4 nm.

Boronic acid is well known to bind to various diols, carbohydrates and amino
acids and has also been shown to display stereospecific receptor-like binding
(74, 75). They have also been proposed as in vivo-sensing functionalities for
D-glucose and similar physiological analytes (76). Any redox-active molecule
binding to boronic acid sites could be used to easily determine active sites within
the membrane cast onto an electrode surface. We used anionic Alizarin Red S, the
sulfonated form of Alizarin (1,2-dihydroxy-9,10-anthracenedione). Alizarine Red
S is used as fluorescent probe for metal ions (77), analytical dye molecules (78),
and calcium stains in tissue (79, 80). Alizarine Red S has both spectrophotometric
and electrochemical activity (in aqueous media a 2-electron 2-proton reversible
reduction occurs (81), Figure 8) and is known to bind to boronic acid (77). Since
the pKa for the first deprotonation of Alizarine Red S is about 4 (82) (Figure
9), binding was studied using a 0.1 mM acetate buffer at pH 3 and pH 7by UV
spectroscopy and electrochemical techniques.

Alizarin Red S in pH 3 solution shows a maximumUV absorbance at 420 nm,
which shifts to 520 nm at pH 7. The Langmuirian binding constant K was found
to be 6000 ± 1000 mol-1 dm3 for Alizarin Red S at pH 3 and pH 7 (Alizarin Red S
undergoes phenolic protonation/deprotonation between these pH values as shown
in Figure 9). While similar results were obtained at both pH values, as confirmed
by electrochemical determination of Alizarin Red S as well by investigating its
redox behavior (see below), some of the error bar in the binding constant may be
due to small differences in boronic acid binding with Alizarin Red S in its phenolic
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protonated and deprotonated forms. No significant binding was noticed without
boronic acid dendrimer. Comparison of the redox behavior of Alizarin Red S in the
cellulose nanowhisker/boronic acid-appended dendrimer composite compared to
bare electrode response revealed significant differences. For a bare glassy carbon
electrode, a reversible voltammetric response at pH 3 (0.1 mM acetate buffer) at a
potential around -0.37 vs SCE was obtained. In a 4 wt% boronic acid dendrimer
96 wt% cellulose nanowhisker composite, three peaks were seen; a cathodic peak
at -0.47 V vs SCE, followed by two anodic peaks at -0.32 and -0.17 V vs SCE.

Figure 7. Boronic acid dendrimer used in co-deposition with CNXLs extracted
from sisal (73). Reproduced with permission from reference (73). Copyright

2010 The Royal Society of Chemistry.

Figure 8. 2-Electron 2-proton reversible reduction for free aqueous Alizarin Red
S (73). Reproduced with permission from reference (73). Copyright 2010 The

Royal Society of Chemistry.
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Figure 9. First deprotonation step of phenolic OH for Alizarin Red S (73).
Reproduced with permission from reference (73). Copyright 2010 The Royal

Society of Chemistry.

While the process for the bound Alizarin Red S was still a 2-electron 2-proton
reversible reduction (Figure 10), the appearance of a second oxidation peak points
towards the formation of two species: a less strongly bound form binding as shown
in Figure 10, and a more strongly bound form with 3 or 4 B-O bonds due to
participation of the phenolic OH groups in the binding. It was further found that
only about 1% of the cellulose film was electrochemically active (~ 60 nm) due to
poor charge carrier mobility as Alizarin Red S molecules did not transfer charge.
Furthermore, only films containing up to 8wt%boronic acid dendrimerwere found
to remain stable during analysis. Inclusion of metallic nanoparticles may improve
film activity away from the electrode by providing charge transfer pathways.

Figure 10. 2-electron 2-proton reversible reduction for boronic acid bound
Alizarin Red S (73). Reproduced with permission from reference (73). Copyright

2010 The Royal Society of Chemistry.

These examples clearly show the potential to use cellulose nanowhiskers to
create membranes with specific binding functionalities capable of immobilizing
a wide variety of molecular species. Both positively and negatively charged
polymers as well as metallic nanoparticles have been incorporated while retaining
the porous CNXL membrane structure. Selective binding sites in the form of
boronic acids were also successfully introduced. This creates an extremely
versatile platform for the creation of electrochemical sensors for virtually
any analyte, or for the production of free-standing porous membranes with
immobilized species. Electrochemical techniques can be used to probe the
binding characteristics while the combination of electrochemical characterization
and the binding capability of the films can lead to efficient and selective sensors.
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Cellulose Nanowhisker/Electronically Conducting Polymer
Composites

We have also used cellulose nanowhisker membranes as a backbone to
template electronically conducting polymers resulting in porous conducting
membranes and highly stable supercapacitor materials. These composites
were mesoporous membranes rather than the more common solid cellulose
nanowhisker/reinforced polymers. Two methods have been used to create these
porous membranes: LbL deposition to create cellulose nanowhisker/polyaniline
conducting networks and electrochemical co-deposition for the fabrication of
cellulose nanowhisker stabilized polypyrrole supercapacitor materials. It was
critical to optimize the deposition conditions to retain the porous CNXL network
while ensuring sufficient continuity of the conducting polymer coating the CNXLs
to create a conducting network.

Cellulose Nanowhisker/Polyaniline Conducting Networks

To look at the potential to create CNXL-polyanilinemembranes through a LbL
approach, films were created using sisal-derived CNXLs (aqueous dispersion) and
low molecular weight polyaniline (~10 kDa, aqueous solution at pH 2.5-4 using
HCl) by simply dipping an ITO electrode into the solutions followed by rinsing
and air-drying (83). The blue color of the film was found to darken with each
deposition cycle (Figure 11a) which increased the membrane thickness with ca. 4
nm. SAXS measurements on pure cellulose nanowhisker films showed a radius
of gyration of 11 nm, consistent with earlier results, increasing to 14 nm for the
nanowhisker/polyaniline composite. The increase in radius of gyration indicated
an arrangement of polyaniline binder in between the cellulose nanowhiskers on
the order of 3 nm, while AFM images also showed the formation of spherical
polyaniline beads on the surface (Figure 11c).

As the film thickness increased, and polyaniline content increased, the charge
under the oxidation peak with voltammetric cycling increased linearly with an
estimated apparent diffusion coefficient for charge transport Dapp = 6 x 1014m2 s-1.

Cellulose/polyaniline films were then deposited over an ITO patternmachined
out of an active part of the electrode (~ 700 nm wide) to form an ITO junction
electrode (Figure 12). This cellulose nanowhisker/polyaniline film produced a
conductive connection across the junction and the diffusion coefficient for charge
to bridge the junction through the cellulose/polyaniline composite was estimated
to be 6 x 10-14 m2 s-1 (results obtained with 5 and 10 layer films). A jump in
electrical conductivity was seen at 0.2 V vs SCE. Compared to studies on pure
polyaniline in the conducting emeraldine phase, switching between conducting
and non-conducting polymer states was two orders of magnitudes faster for
pure polyaniline than for the cellulose nanowhisker/polyaniline composites (84).
Therefore, charge propagation was roughly 2 orders of magnitudes faster in pure
polyaniline than in our composites, indicating that the charge propagation rate
can be tuned by controlling the polyaniline content and the nanoarchitecture.

88

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
A

ug
us

t 2
8,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 A

ug
us

t 1
7,

 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

10
7.

ch
00

5

In Functional Materials from Renewable Sources; Liebner, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Figure 11. a Cellulose nanowhisker/polyaniline membranes on ITO
electrodes consisting of (i) 0, (ii) two, (iii) five, (iv) 10, and (v) 15 layers. b
UV-visible spectrum of ITO electrodes with (i) two-, (ii) 10- and (iii) 15-layer
polyaniline–nanocellulose film deposits. c AFM image showing the surface
topography for a 10-layer polyaniline/nanocellulose film with spherical
polyaniline and cellulose nanowhiskers clearly visible. Reproduced with

permission from reference (83). Copyright 2011 Springer.

Cellulose Nanowhisker-Stabilized Polypyrrole Supercapacitor Materials

Apart from simply being a support for porous functional membrane synthesis,
it is also possible to use functionality introduced on the cellulose nanowhisker
surface to improve performance of the composite membrane. An example of this
approach was the development of cellulose nanowhisker-supported polypyrrole
(PPy) for supercapacitor applications (85). PPy can exist in two states: a
neutral state (reduced state) and a positively charged state (oxidized state) where
approximately one electron per three pyrrole units has been removed. PPy is
electron-conductive in the oxidized state, and non-electron-conductive in the
reduced state. Oxidation or reduction of the polymer removes or adds electrons
respectively to the polymer and this process can be used to store charge, making
them interesting materials for supercapacitor materials (Figure 13).
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Figure 12. (a) Schematic drawing of the glass slide with ITO coating patterned
by a focussed ion beam (FIB) and (b) SEM image of the actual patterned slide
showing the ~700 nm wide cut out of the ITO layer. Reproduced with permission

from reference (83). Copyright 2011 Springer.

Figure 13. Reversible redox behavior of polypyrrole causing charging and
discharging.

However, when the polymer is oxidized, anions from the electrolyte
solution need to diffuse into the polymer to balance the positive charge (and
diffuse out upon reduction) leading to significant polymer degradation with
each charge-discharge cycle (Figure 14). Use of a support material bearing
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anionic surface groups which may act as charge-balancing functionalities, can
reduce PPy degradation as less ion movement occurs. This has been shown with
oxidized carbon nanotubes (CNTs) (86). For the case of CNXLs, we wanted to
investigate whether a conductive backbone is really required for high-performance
supercapacitor materials.

Figure 14. Schematic showing the need for electrolyte ion to diffusion into the
polymer to balance charge (87). Reproduced with permission from reference

(87). Copyright 2008 Elsevier.

During electropolymerisation, pyrrole is oxidized and forms a cationic
conducting PPy polymer. However, when negatively charged CNXLs (formed by
controlled surface oxidation of primary hydroxyl groups to carboxylic acids (88),
O-CNXL) were used instead of a salt in the electrodeposition solution, a highly
porous network is formed by interconnected O-CNXLs coated with a PPy layer
of approximately 15 nm (Figure 15). All porosity in pure O-CNXL membrane
structures consists of open pores, and this appeared to be transferred to the
PPy/O-CNXL composite as evidenced by excellent electrolyte transport through
the film (vide infra). The mesoporous film was robust enough to be peeled off the
deposition electrode with tweezers. By charging the polypyrrole in the film with
electrons, the polymer attained a neutral, non-conducting state.
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Figure 15. SEM images of the porous structure formed by co-electrodeposition
of pyrrole with TEMPO-oxidised cellulose nanocrystals (85). Reproduced with
permission from reference (85). Copyright 2010 American Chemical Society.

Despite the non-conductive nature of cellulose, the composite was found to
remain conductive over the charge-discharge cycle (potential limits -0.5 V and 0.7
V vs Ag/AgCl at 0.25 V.s-1 in 0.1 M aqueous KCl), even at negative potentials
where pure PPy exists in the reduced (neutral) and thus, non-conductive, state. In
previous work with surface-oxidized CNTs in a similar fashion to O-CNXLs, this
behavior was attributed to the conductivity of the CNTs (86). However, given the
non-conductive nature of the O-CNXLs, the high conductivity of the composite
when PPy was in the non-conducting state was shown to be due to cation ingress
into polypyrrole to charge-balance the nanowhisker negative surface charge. This
clearly proved that a conducting support is not required for the fabrication of high-
performance supercapacitor materials.

The cellulose nanowhisker/PPy composites showed fast charging and
discharging behavior due to the porous nature of the composite and the thin
polypyrrole coating on the nanowhiskers. Comparison of PPy/CNT composites
with PPy/cellulose nanowhisker composites prepared under exactly the same
conditions, demonstrated a thicker PPY layer on the CNTs (~ 60 nm) compared
to the PPy layer on O-CNXLs (~ 15 nm), while the specific capacitance was
comparable (316 F.g-1 for CNT/PPy vs 336 F.g-1 for O-CNXL/PPy). After 5000
charge-discharge cycles (between +0.5 V and 0.5 V at 0.25 V.s-1), the capacitance
decrease due to PPy degradation was seen to be larger for the PPy/CNT composite
than for the PPy/O-CNXL composite, while the capacitance for pure PPy/Cl was
negligible due to severe degradation. The faster PPy degradation in the PPy/CNT
composite is believed to be due to the thicker PPy coating on the CNTs. A thicker
polymer layer increases required ion diffusion through the polymer layer which
results in increased stress generation during charging and discharging ensuing in
faster polymer degradation. The PPy/O-CNXL system was thus found to be more
durable than the equivalent composite using CNTs as a thinner PPy coating was
achieved in the PPy/O-CNXL composite.
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Cellulose Nanowhiskers and Electrocatalysis
The use of CNXLs in electrocatalysis was restricted to a secondary role with

either aiding the formation or structuring of the electrocatalytic substrate, or acting
as the modification agent for the modification of the active surfaces.

In a first approach, the electrocatalytic activity of CNXL/polyaniline
porous membranes prepared by LbL deposition, as described above, were
investigated. Polyaniline is known to exhibit electrocatalytic activity (89)
and in particular to electrocatalyse the oxidation of hydroquinone (90, 91).
Cellulose nanowhisker/polyaniline composite membranes showed the same
electrocatalytic activity towards hydroquinone oxidation as pure polyaniline with
thicker films (more layers) having higher activity, and with the reactivity limited
by hydroquinone diffusion (83). This work further proved that LbL deposition of
CNXL with polyaniline retains the CNXL membrane porous structure, similar to
the co-deposition used to create sensors.

Metal Electrocatalysts
Nanostructured metals are interesting materials because of unique catalytic

(92, 93), magnetic (94), electrochemical (95), and photonic properties (96). The
preparation of metal nanoparticles with the help of bio-derived substrates as
reducing agents is an attractive option because of sustainability and minimal
environmental impact (97). Cellulose is particularly useful as it does not compete
with food production and can be extracted from a variety of sources including
biomass waste. CNXLs offer the advantage of being easily dispersible in water,
wherein cellulose is insoluble. Aqueous reduction of metal salts by cellulose thus
becomes possible. We used the reductive capability of cellulose nanocrystals to
reduce silver and platinum metal salts to form active electrocatalysts (98, 99). In
all metal salt reductions discussed here, surface-oxidised cellulose nanocrystals
(O-CNXLs) were used in which the primary hydroxyl groups were selectively
converted to carboxylic acids by TEMPO oxidation to improve dispersibility in
the presence of metal salts (88).

Silver Electrocatalysts

Templating of reduced silver on cellulose fibers has been well established
and used to prepare silver nanoparticles for antibacterial purposes (100, 101).
However, an additional reducing agent such as NaBH4 is commonly used. In
contrast, we used direct reduction of AgNO3, employing the reductive power
of cellulose by adding O-CNXLs to an aqueous AgNO3 solution. After 5
min at 80°C, metallic silver formed, visible by a yellow discoloration of the
solution. A yellow precipitate formed which became denser with increasing
[AgNO3]:[O-CNXL] ratio (Figure 16). UV spectroscopy confirmed the formation
of nanostructured silver by a silver surface plasmon peak located at 404 nm and
shifting to 420 nm for higher [AgNO3]:[O-CNXL] ratios indicating increasing
particle size (102, 103). No discoloration occurred for aqueous AgNO3, even
over a period of 2 h.
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Figure 16. (A) Photographs of the reaction products obtained by heating 5
mL of (left to right) 0.10 wt%, 0.05 wt%, 0.02 wt%, 0.01 wt%, 0.005 wt% and
0.0023 wt% CNXL suspensions containing 20 mg AgNO3 at 80° C for 2 h. (B)
Photographs obtained after dispersing each product suspension ultrasonically
for 5 min. (C) UV/Visible spectra of the first 5 solutions (from left to right) in
part B arranged in order of (from bottom to top) decreasing amounts of CNXL.
The arrows in each figure indicate increasing [AgNO3]:[CNXL] ratios (98).
Reproduced with permission from reference (98). Copyright 2010 The Royal

Society of Chemistry.
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Deposition of the Ag covered O-CNXLs on a surface from a suspension
of sufficiently high concentration gave rise to particle agglomeration and the
formation of silver dendritic structures on the order of several 100 nm to μm
(Figure 17). At low concentration however, silver nanoparticles remained
individualised with sizes of 10-50 nm. Drop coating the suspension on a surface
followed by heating at 70°C (drying) on the other hand, lead to non-dendritic
silver deposits. At high O-CNXL concentration, silver nanostructures were
retained, while at low O-CNXL concentrations the deposits took on the form of
bulk silver. Deposition followed by drying of a larger amount of AgNO3 (20
μL of a suspension prepared by adding 211 mg AgNO3 to 5 mL of 0.29 wt%
cotton-derived O-CNXLs) on a glassy carbon electrode lead to smooth silver
deposit with nanoparticulate features. This film showed stable electrocatalytic
activity towards the reduction of O2 in an O2 saturated NaOH solution, comparable
to a pure silver electrode. It was further shown that the Ag/O-CNXL composite
reduced O2 via direct 4-electron reduction forming 2 OH-, rather than the
2-electron route which leads to peroxide formation.

This work showed the potential to use CNXLs´ reducing capability to form
stable, highly active electrocatalysts. The advantage of CNXLs is their easy
removal through burning them off, resulting in nanoscale channels within the
metallic suprastructure.

Figure 17. A TEM image of silver formed by dissolving 211 mg AgNO3 in 5 mL
of 0.29 wt% CNXL suspension and heating for 2 h at 80°C. B SEM images of the
surface of Ag/CNXL-modified glassy carbon electrodes formed by drop coating
with 5ml suspensions containing 20 mg AgNO3 and 0.0023 wt% CNXLs (heated
to 80°C for 2h) and drying at 70°C for 30 min (98). Reproduced with permission

from reference (98). Copyright 2010 The Royal Society of Chemistry.

Platinum Electrocatalysts

In a way similar to the preparation of silver nanoparticles, platinum ions can
also be reduced by CNXLs. Platinum is used as a catalyst in a variety of reactions
and also finds applications as the cathode electrocatalyst in low temperature fuel
cells (104–107). However, Pt is more difficult to reduce than is Ag such that
longer reaction times, or higher temperatures, are required. Keeping an aqueous
mixture of H2PtCl6 and O-CNXLs at 80°C for 24 h resulted in the formation of
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a black suspension due to Pt nanoparticle formation. No discoloration of the
mixture was seen before 12 h. Industrially relevant Pt/C catalysts used in fuel
cell electrodes were prepared by adding carbon black to the reduction solution
followed by heating the composite in air at 445°C to remove the CNXLs without
decomposing the carbon black. The Pt nanoparticles formed had diameters in the
range of 2.3 ± 0.4 nm both in the presence of and in the absence of carbon black,
which increased to 2.5 ± 0.9 nm after heating to 445°C (Figure 18).

Figure 18. (A and B) TEM images of Pt/C/CNXL, obtained from heating a
mixture of H2PtCl6(100 mM) and CNXLs (3 mg) and Vulcan XC72R (5 mg) in
water (1 mL). (C and D) TEM images of the product after heating it in air at 445°
C. (E and F) Particle size distributions of the Pt nanoparticles on carbon before
(E) and after (F) heating. Particle size distributions were obtained from analysis
of at least 100 particles shown in the TEM images (99). Reproduced with

permission from reference (99). Copyright 2011 The Royal Society of Chemistry.
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By electrochemical characterisation, the Pt/C nanoparticles were shown to be
free of organic contaminants, which is important for catalysis. All cellulose traces
were thus removed. The electrocatalytic activity towards the oxygen reduction
reaction of the CNXL-prepared Pt/C was similar to commercial state-of-the-art
Johnson-Matthey (JM) Pt/C. However, the performance of CNXL generated Pt/C
was lower due to larger Pt nanoparticles versus JM’s Pt nanoparticles, leading to a
specific Pt surface area of 18.4 ± 4.0 m2 gPt-1 versus 73.3 ± 9.7 m2 gPt-1 respectively.
The oxygen reduction occurred almost exclusively by the preferable 4-electron
reduction route for both catalysts. Optimisation of Pt nanoparticle formation to
reduce their size by 0.5 nm would lead to bio-reduced Pt nanoparticles with the
same performance as JM’s reference material.

Cellulose nanowhiskers thus offer a new sustainable tool to the fabrication
of active electrocatalysts with the same performance as existing state-of-the-art
materials while allowing easy reduction in aqueous environment and the potential
to create nanostuctured metallic catalysts.

Cellulose Nanowhiskers as Precursor for Ultrathin Carbon
Films

Cellulose has been used extensively to create carbonaceous materials through
pyrolysis (108, 109). The formation of thin carbon films on the surface of metal
or metal oxide surfaces has the potential to control the electron transfer rate at the
surface by varying the carbon layer thickness. While this can readily be done on
flat surfaces, the potential of nanostructured materials in catalysis, electrocatalysis
and photocatalysis requires extension of this ability into mesopores. Furthermore,
to attain a uniform effect, the carbon layer needs to have a uniform thickness and
coverage everywhere on the surface. The previously shown ability to co-deposit
CNXLs with TiO2 nanoparticles opens up the possibility to create homogeneous
composites which after pyrolysis should result in uniformly carbon-coated TiO2 in
a very direct manner, which can easily be extended to other metal and metal oxide
materials.

Initial work on the use of CNXLs as amethod to coat surfaces with an ultrathin
carbon filmwas performed on flat ITO surfaces (110). Films of various thicknesses
were prepared by an LbL approach with CNXLs bearing surface sulfate groups
from H2SO4 hydrolysis of sisal and PDDAC by subsequently dipping the ITO
substrate in aqueous solutions of each component with rinsing and drying in-
between. Subsequent carbonization under vacuum resulted in a thin carbon layer
covering the ITO surface. A single cellulose-PDDAC layer resulted in a carbon
layer showing pore imperfections, while 10 to 40 layers gave rise to more uniform
carbon films (Figure 19) still retaining the transparency of the ITO substrate. The
carbonized films showed signs of nanocrystalline graphite and aromatic cluster
formation with apparent disorder in the graphite structure.

Increasing the thickness of the film (more layers) was found to enhance the
peak current for the hydroquinone-benzoquinone redox system. The vacuum-
carbonized filmwas also found to significantly increase the rate of electron transfer
at the ITO surface. The carbon film appeared to be stable over prolonged use.
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More detailed analysis determined a decrease in charge transfer resistance at the
ITO surface of two orders of magnitude without affecting the capacitance. With
these systems it is thus possible to directly improve electron transfer at surfaces
without affecting the optical window or transparency of the substrate.

This work was further extended to the modification of TiO2 anatase
nanoparticle surfaces (111, 112). The electrochemical characteristics of carbon
coated TiO2 and pure TiO2 surface were determined by comparing air- and
vacuum-carbonized films of anatase nanoparticles (schematic shown in Figure 20).

Figure 19. AFM images of (A) 10 layers of a cellulose nanofibril-PDDAC film
on ITO, (B) a 1-layer film of cellulose nanofibril-PDDAC on ITO after vacuum
carbonization, and (C) a 10-layer film of cellulose nanofibril-PDDAC on ITO
after vacuum carbonization. Reproduced with permission from reference (110).

Copyright 2010 John Wiley and Sons.

Figure 20. Schematic of the preparation of anatase mesoporous films with and
without a fine carbon coat (111). Reproduced with permission from reference

(111). Copyright 2011the PCCP Owner Societies.
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All films contained 10 layers of TiO2 but, between them, cellulose-PDDAC
was varied from 1 to 4 layers (Figure 21). After heat treatment at 500°C, film
thicknesses of 150 nmwere obtained by a 10-layer TiO2 LbL deposition. Vacuum-
carbonized films showed TiO2 nanoparticles as 40-70 nm agglomerates, which
were slightly bigger for air calcined samples believed to be due to some sintering
(110). Carbon deposits did not show any measurable crystallinity, but appeared to
reduce the anatase crystal size (20 nm vs 7 nm) (111, 112). Carbon-modified TiO2
films on ITO were transparent albeit with a brown tinge at higher carbon levels
(Figure 22).

Figure 21. Schematic of layering of cellulose nanowhiskers, PDDAC and TiO2
nanoparticles before carbonization. Reproduced with permission from reference

(112). Copyright 2012 Elsevier Ltd.

The carbon modification of the TiO2 surface allowed for a larger surface
area to be directly reduced and oxidized for a given scan rate than possible
for a pure TiO2 film. This was also scan rate-dependent, indicating mixed
surface conductivity and surface structure effects. The carbon modification also
resulted in the hydroquinone-benzoquinone redox system becoming more and
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more reversible with increasing carbon modification. With carbon modification,
the charge transfer resistance at the TiO2 surface in aqueous environment also
decreased while the capacitance was seen to increase. The latter indicated an
increase in active area. Dopamine, a redox-active neurotransmitter, was used to
probe the effect of the carbon modification, since dopamine oxidation on pure
TiO2 is inhibited due to the lack of conductivity. Because of improved surface
conductivity (Fig. 23) and a high Langmuirian binding constant (~ 106mol-1 dm3),
carbon-modified TiO2 films were able to detect dopamine with a concentration
sensitivity to below 100 nM, similar to carbon nanotube network electrodes.

Figure 22. UV/Vis absorption spectra for electrodes with (i) 10-layer TiO2, (ii)
10-layer TiO2 10-layer cellulose carbonised in 500°C vacuum, (iii) 10-layer TiO2
20-layer cellulose carbonised in 500°C vacuum, and (iv) 10-layer TiO2 40-layer
cellulose carbonised in 500°C vacuum. Also shown is a photographic image of
the transparent electrodes. Reproduced with permission from reference (111).

Copyright 2011 the PCCP Owner Societies.

Carbon modification of TiO2 can also be used to suppress the TiO2
photoreactivity which may be beneficial for example for protection against
UV light or prevention of photodegradation of sensor films. The photocurrent
responses for the photo-oxidation of iodide to tri-iodide (I- →I3-) were strongly
suppressed by the carbon modification. As UV/vis spectra were virtually
unaffected, this suppression was not due to light filtering. Quenching of
photoactivity also increased with increasing carbon deposition. This indicates
that the thin carbon layer aided the recombination of holes (oxidizing surface
states) and electrons from the ITO substrate.
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Figure 23. Schematic diagram of the binding of dopamine onto the carbon
–modified TiO2 electrode and electron conduction through the carbon film.
Reproduced with permission from reference (111). Copyright 2011 the PCCP

Owner Societies.

The LbL deposition technique of CNXLs thus enables the uniform surface
coating of complex objects with very good control over thickness and ensuing
behavior. While used here solely for TiO2, it can easily be extended to other metals
and metal oxides.

Conclusions

Cellulose nanowhiskers, or nanocrystals, can be used to form strong
hydrogen-bonded porous films. Through targeted surface modification and
layer-by-layer deposition with polymers and dendrimers, specific functionalities
can be introduced into the films. Several examples have been discussed where
these functionalities were used to bind analytes or classes of analytes to create
electrochemical sensors for redox-active metal and organic compounds, but
also for redox-inactive species through the use of a competitive binding model
between the analyte and redox-active species immobilized in the film. The
versatility of the LbL deposition approach together with the retention of the open
pore structure of the CNXL film represents a very versatile technology platform
for the creation of sensors and free-standing functionalized membranes. There is a
high potential for further development by using function polymers which increase
binding selectivity. The creation of free-standing membranes with immobilized
species may find applications in combined separation and catalysis applications.
The use of CNXL surface modifications has been extensively used in our group
(113)–(115) and offers further possibilities to construct functional free-standing
membranes and surface modifications with or without the co-deposition with
functional polymers to introduce further functionality.

The co-deposition with TiO2 has shown that CNXLs can be used to create
open porous structures with metallic nanoparticles without loss of conductivity
throughout the film. Extension of this work with other metal and metal oxide
structures could lead to interesting composite films while further research
on enzyme immobilization in these films could also result in very promising
materials.
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Co-deposition with electronically conducting polymers resulted in percolated
conducting porous membranes which were used as electrocatalysts or showed very
high stability as supercapacitor materials due to specific cellulose nanoparticle-
polymer interactions. Improvements in their performance and extension to other
conducting polymers are obvious targets for future work with the current results
being quite promising.

The reducing capability of cellulose nanowhiskers has been shown to create
metal nanoparticles which can form conducting networks when deposited in films,
or the cellulose can be burned off to form surface-clean metal nanoparticles. The
extension of this work to other metals, control over metal loading and size of
the nanoparticles formed, and optimization of the reduction conditions to reduce
energy consumptions should lead to interesting advancements and better control
over the obtained structures.

Finally, cellulose nanowhiskers have also been shown to be a great
material to surface-coat metal and metal oxide nanostructures with a fine
carbon layer through vacuum carbonization, which can be used to alter the
electrochemical and photocatalytic activity of the metallic nanostructures. Its
potential to coat nanostructured metals and metal oxides is vast, and exploration
of various structures and metal/metal oxides may further offer some interesting
advancements.

To conclude, the versatility and relative ease of the usage of cellulose
nanoparticle in a variety of electrochemical applications make it a great and
adaptable building block with many avenues still left unexplored.
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Chapter 6

Synthesis and Properties of Cellulose Graft
Copolymers with Well-Defined Architecture

Hongliang Kang,1 Xia Gao,2 Ruigang Liu,*,1 and Yong Huang1
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Cellulose graft copolymers with well-defined architecture are
synthesized by atom transfer radical polymerization (ATRP).
Kinetic studies indicate that the ATRP graft copolymerization
is living and controllable. The properties of the cellulose
graft copolymers can be tailored by varying the structure of
the cellulosic backbone, the chemical structure and length
of the side chains, and the graft density. The cellulose graft
copolymers can self-assemble into spherical micelles in
selective solvents or can self-assemble with the trigger of
temperature, pH, and ionic strength. The structure of the
micelles depends on the medium, temperature and/or pH of the
medium, and the chemical structure of the cellulosic backbone
and the side chains. The cellulose graft copolymers have the
promising applications as the carriers for drug control target
delivery and biosensors.

© 2012 American Chemical Society
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Introduction

Cellulose is the most abundant natural resourced polymer that is mainly
produced by photosynthesis in high plants (1). As biocompatible, biodegradable,
renewable, and environmental friendly materials (2–7), cellulose and its
derivatives have been widely used in industry, medical products, and domestic
commodities. Cellulose cannot be melted or be dissolved in most organic
solvents due to the intrinsically strong intra- and inter-molecular hydrogen bonds.
Regenerated cellulose products, e.g. fibers and membranes, are mainly produced
by the tedious and environmentally challenging viscose process. The efforts to find
environmentally friendly processes to replace the viscose process for producing
alternative cellulose products have never stopped. The studies on finding new
solvent systems for dissolving cellulose havemade a great progress. New cellulose
solvent systems have been found, including N-methylmorpholine-N-oxide/water
(NMMO/H2O) (1, 8), ionic liquids (9–12), and NaOH/urea (13–15), solvent
systems for dissolving cellulose and manufacturing cellulosic products. The
Lyocell process based on NMMO/H2O as the direct solvent for cellulose for the
production of cellulosic fibers has been commercialized in the 1990s.

Besides the progress on new solvent systems, cellulose functional materials
based on cellulose derivatives and graft copolymers are also attracting increasing
attention both in scientific research and industrial applications. Cellulose
derivatives have been traditionally synthesized in heterogeneous systems. The
finding of new solvent systems for dissolving cellulose also provides opportunities
for synthesis of cellulose derivatives and graft copolymers in homogeneous
systems (16–21). In the case of synthesis of cellulose graft copolymers, free
radical graft copolymerization induced by radiation (22–24), sodium periodate
(25), ceric ions (26–28) etc. have been used since the 1960s. The free radical
graft copolymerization has the disadvantages of producing homopolymers, and
the molecular weight and its distribution of the graft chains are uncontrollable.
The macromolecular reaction has low reaction activity and graft efficiency.

The development of controllable/living radical polymerizations (CRP)
(29), such as nitroxide-mediated polymerization (NMP) (30), atom transfer
radical polymerization (ATRP) (31–34) and reversible addition-fragmentation
chain transfer polymerization (RAFT) (35, 36), offers versatile approaches
for the synthesis of polymers with well-defined architecture. The CRP have
been extended to synthesis of polysaccharide block and graft copolymers in
homogeneous medium (37–43) or surface modification of polysaccharides
substrates in heterogeneous medium (7, 37, 44–54). The application of ATRP for
the modification of cellulose was first reported by Carlmark et al. (7, 55) and were
then expanded to surface modification of cellulosic materials (44–47, 56–60) and
the synthesis cellulose graft copolymers with well-defined architecture (38–40,
51–54). In this chapter, the progress of the synthesis of cellulose graft copolymers
by ATRP, the self-assembly behaviors, and the possible applications of the
resultant cellulose graft copolymers will be reviewed.
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Controllable Synthesis of Cellulose Graft Copolymers by ATRP

The typical synthesis route to cellulose graft copolymers with well-defined
architecture is shown in Scheme 1. The cellulosic backbones can be cellulose
or its derivatives, such as ethyl cellulose (EC), hydroxypropyl cellulose (HPC),
diacetate cellulose (CDA), etc. Briefly, active sites for initiating ATRP reaction
are first introduced onto the cellulose backbone, which is generally achieved
by the esterification of hydroxyl on cellulose backbones with components that
contain bromide groups, e.g. 2-bromoisobutyryl bromide. The graft density of the
final graft copolymer is determined by the substitution degree of bromide groups
(DS–Br). DS–Br is defined as the number of active bromide groups per glucose
ring, which can be tailored by varying the feeding ratio of 2-bromoisobutyryl
bromide to the hydroxyl groups of cellulose or its derivatives. The ATRP
graft copolymerization can be carried out by using Cu(I) as the catalyst. The
ligands could be N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA),
2,2′-bipyridine, 1,1,4,7,10,10-hexamethyl-triethylenetetramine (HMTETA),
tris[2-(dimethylamino)ethyl]amine (Me6-TREN), and 4,4′-dinonyl-2,2′-dipyridyl
(dNbpy), depending on the monomer and the reaction media that are used.

Scheme 1. Synthesis route to cellulose graft copolymers via ATRP.

Figure 1 shows the kinetics data for the synthesis of hydroxypropyl cellulose
graft poly(N,N-dimethyl aminoethyl methacrylate) (HPC-g-PDMAEMA), which
is typical for the ATRP graft copolymerization. The linear relationship of
ln([M0]/[Mt]) versus the reaction time t indicates that the graft copolymerization
follows first-order kinetics and the concentration of propagating radicals keeps
constant (Figure 1a). Moreover, Mn of the PDMAEMA side chains, estimated
by the combination of 1H NMR and elemental analysis (EA), increases linearly
with the monomer conversion during the polymerization of HPC-g-PDMAEMA
(Figure 1b). These results suggest that the graft copolymerization is living and
controllable (61).
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By ATRP graft copolymerization, cellulose graft copolymers with
well-defined architecture have been successfully synthesized. These
graft copolymers are cellulose graft polystyrene (EC-g-PS) (62–65), ethyl
cellulose graft poly (methyl methacrylate) (EC-g-PMMA) (63, 66), ethyl
cellulose grafting poly(acrylic acid) (EC-g-PAA) (67), ethyl cellulose graft
poly(2-hydroxyethyl methacrylate) (EC-g-PHEMA) (68), ethyl cellulose graft
poly(poly(ethylene glycol) methyl ether methacrylate) (EC-g-P(PEGMA)) (69,
70), hydroxypropyl cellulose graft poly(N,N-dimethyl aminoethyl methacrylate)
(HPC-g-PDMAEMA) (61), hydroxypropyl cellulose graft poly(4-vinyl
pyridine) (HPC-g-P4VP) (71), poly(2-(diethylamino) ethyl methacrylate)
(EC-g-PDEAEMA) (72). The kinetics of these cellulose graft copolymerizations
also confirm the living and controllable ATRP reaction. The success of the
synthesis of the graft copolymers can be confirmed by IR and 1H NMR.

Figure 1. (a) Ln([M0]/[Mt]) and monomer conversion versus reaction time
for the ATRP of DMAEMA initiated by HPC-Br (DS = 0.1); (b) Mn of
the PDMAEMA side chains versus the monomer conversion, feeding ratio

[M]:[I]:[CuCl]:[HMTETA] = 100:1:1:1 at 30 °C. (Reproduced with permission
from reference (61). Copyright 2010 ACS.)

Self-Assembly and Stimuli-Responsive Properties of Cellulose
Graft Copolymers

The synthesized cellulose graft copolymers with different properties between
the backbone and side chains can self-assemble into micelles with different
structure and morphology. The core of the micelles can be the cellulose backbone
with the side chains mainly staying on the surface of the micelles, or vice versa,
depending on the properties of the graft copolymer, the medium, and the pH
and temperature of the medium. The amphiphilic cellulose graft copolymers
have been synthesized including EC-g-PAA, EC-g-PHEMA, EC-g-P(PEGMA),
and EC-g-PDEAEMA. These graft copolymers can self-assemble into micelles
with hydrophobic core that stabilized with hydrophilic side chains as the shell.
When hydroxypropyl cellulose (HPC) was used as the backbone, the HPC
itself is thermo-sensitive, which is generally applied for the synthesis of dual
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stimuli responsive cellulose graft copolymers, such as HPC-g-PDMAEMA and
HPC-g-P4VP. These cellulose graft copolymers can form micelles with different
architecture depending the temperature and pH of the medium.

Figure 2 shows the self-assembly of the dense graft copolymers EC-g-PS in
acetone. The micelles are of spherical shape. The size of the resultant micelles
increases with increasing the copolymer concentration and the PS side-chain
length. Due to the fact that acetone is a relatively good solvent for ethyl cellulose,
the micelles have a core-shell structure with the ethyl cellulose main chains in the
shell and the side polystyrene chains in the core of the micelles.

Figure 2. Core-shell micelles of EC-g-PS self-assemble in acetone. (a) <Rh>
as a function of polymer concentration (DLS data, EC0.5-g-PS128) and (b)
dependence of the micelles size on the side chain length (TEM data, graft

density: 0.5 PS chains per glucose ring of the cellulose backbone). Inset: typical
TEM image of the micelles. (Reproduced with permission from reference (64).

Copyright 2009 Elsevier.)

With hydrophilic side chains and the hydrophobic cellulosic backbones, the
graft copolymers can self-assemble into micelles in aqueous medium, in which
the hydrophobic cellulosic backbones are located in the core of the micelles
and the hydrophilic side chains are mainly on the surface of the micelles. A
typical example are ethyl cellulose graft poly(poly(ethylene glycol) methyl ether
methacrylate) (EC-g-P(PEGMA)) copolymers, which can self-assemble into
spherical micelles in water (69). The size of the micelles increases with the
increase of the side chain length. The spherical micelles show thermo-sensitive
properties with a lower critical solution temperature around 65 °C, which
is almost independent of the graft density and the length of the side chains
(69). Figure 3 shows the hydrodynamic radius (<Rh>) and the transmittance of
copolymers EC0.2-g-P(PEGMA)27 and EC0.02-g-P(PEGMA)185 as a function of
the temperature. Both <Rh> and transmittance curves show a sharp transition
during heating, and the transition occurs at almost the same temperature. The
phase transition attributes to a subtle hydrophilic-hydrophobic equilibrium for
the hydrogen bonding interaction between the copolymers and water molecules.
When the temperature increased above the LCST, hydrogen bonds between ether
oxygen atoms of P(PEGMA) and water are broken, and the P(PEGMA) side
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chains collapse and become hydrophobic. So, the intermolecular hydrophobic
attractions are thermodynamically favored and micelle aggregates occur, which
result in the increase in <Rh> and a visible turbidity. Moreover, the profiles of the
transmittance of heating and cooling processes are overlapping each other, which
indicates that the phase transition of the micelles is reversible. The inter-chain
interactions from the weaker van der Waals forces stabilize the aggregates, which
provide the reversible phase transition. The results indicate that the LCSTs of the
dense graft copolymers are slightly lower than that of sparse graft copolymers
and almost independent of the length of side chain (69).

Figure 3. <Rh> and transmittance as a function of temperature. (a)
EC0.2-g-P(PEGMA)27 and (b) EC0.02-g-P(PEGMA)185. Polymer concentration:
1.0 mg/mL in water. (Reproduced with permission from reference (69). Copyright

2008 Wiley.)

For the cellulose graft copolymers with dual stimuli-responsive properties,
micelles with different structure can self-assemble and the resultant micelles
show stimuli-responsive properties. Figure 4 shows the transmittance of the
HPC0.1-g-PDMAEMA20 aqueous solution at different pH values as a function
of temperature and the LCST as a function of pH values (61). It is known that
PDMAEMA (pKa ≈ 8.0) (73) can be protonated in acidic aqueous solution,
which leads to the increase in the electrostatic repulsive forces and prevents phase
separation (74). Therefore, the LCST of HPC0.1-g-PDMAEMA20 copolymer
shifts to a higher temperature with decreasing pH values of the solutions (Figure
4b), which is similar to tendency of the LCST of PDMAEMA108 homopolymer
reported in literature (73). However, the change of LCST of the graft copolymer
is not as obvious as that of the homopolymer, which may be due to the fact that
the side chains only have an average of 20 repeating units, which is much shorter
than the PDMAEMA108. Moreover, in copolymer solutions at a low pH value,
e.g. 3.0 and 6.5, the transmittance of the solutions only decreases to around 90%
and 80%, respectively (Figure 4a), which is due to stable micelles forming at
low pH, in which the protonated PDMAEMA side chains are in the shell of the
micelles (61).

114

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
A

ug
us

t 2
8,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 A

ug
us

t 1
7,

 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

10
7.

ch
00

6

In Functional Materials from Renewable Sources; Liebner, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Figure 4. Transmittance of HPC0.1-g-PDMAEMA20 in aqueous solution
at different pH values as a function of temperature (a). LCST of

HPC0.1-g-PDMAEMA20 graft copolymer as a function of the pH value (b).
(Reproduced with permission from reference (61). Copyright 2010 ACS.)

Solution 1H NMR has been used to study the core-shell structure of block
copolymer micelles (75–77). As the core of the micelles is in an aggregated state,
the signals of the core-forming block chains are weakened or even disappear,
depending on the density of the cores. Figure 5 shows 1H NMR spectra of
the HPC0.1-g-PDMAEMA20 graft copolymer in D2O at different temperatures
at pH 3.0, 8.1, and 12.3. At low pH values, e.g. pH 3.0, the intensity of the
peaks for HPC backbone (e and the glucose ring in Figure 5a) decreases at 45
°C, near the LCST of HPC, compared to the peaks at 25 °C, and disappears at
further rising the temperature to 60 °C, whereas the peaks for the PDMAEMA
side chains remains unchanged at all the temperatures (a, b, c, d in Figure 4a).
It is known that PDMAEMA (pKa ≈ 8.0) is a weak polyelectrolyte and can be
protonated in acidic aqueous solutions (73, 74). The LCST of PDMAEMA shifts
to higher temperature with decreasing pH due to the protonation of PDMAEMA
chains, which leads to an increase in the electrostatic repulsive force and prevent
the phase separation. The protonated PDMAEMA will not possess an LCST
anymore (73, 78). Therefore, when the HPC0.1-g-PDMAEMA20 acid aqueous
solutions are heated, the HPC backbone collapse to form the core of the micelles
that is stabilized by the hydrophilic PDMAEMA side chains as the shell. When
HPC0.1-g-PDMAEMA20 copolymers were directly dissolved in deuterated water
at pH 8.1, the intensity of the peaks for both HPC backbone and PDMAEMA side
chain decreases simultaneously upon heating (Figure 5b), which indicates that
both the HPC backbone and the PDMAEMA side chain collapse with increasing
temperature. We also observed that the solution is unstable and precipitates are
formed during heating. At high pH value, pH 12.3, the intensity of the peaks for
PDMAEMA side chain disappeared at 37 °C, whereas the intensity of the peaks
of HPC backbone decreased slightly (Figure 5c), indicating that PDMAEMA side
chain aggregated to the core of micelles and the HPC backbone mainly as the shell
to stabilize the micelles. At an even higher temperature above the LCST of HPC,
e.g. 60 °C, the peaks for both HPC and PDMAEMA disappeared, which indicates
that the shell HPC aggregated and lost the ability to stabilize the micelles (61).
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Figure 6 shows the Rh of HPC0.1-g-PDMAEMA20 in aqueous solution at a
concentration of 2 mg/mL at various temperatures. At the lower pH value (pH
3.0), the Rh value increases slightly, and the turning point is about 42 °C. Further
increase in temperature leads to a slight decrease of Rh, which might be due to
the shrinkage of the HPC core upon heating. In contrast, the Rh increases sharply
and the turning point shifts to lower temperature with the increase in pH value.
DLS experiments confirm the results of the transmittance experiments. The dual
stimuli responsive properties of the HPC-g-PDMAEMA graft copolymers can be
summarized schematically as in the right of Figure 6. In summary, at low pH,
e.g. 3.0, the HPC backbone of the copolymer collapse to form the core of micelles
stabilized with protonated PDMAEMA side chains on the surface of the micelles
upon heating. At the medium pH, e.g. 8.1, both HPC backbone and PDMAEMA
side chains collapse upon heating to form unstable aggregates. At high pH, e.g.
12.3, PDMAEMA side chains collapse first to form the core of micelles stabilized
with HPC chains upon heating. Further heating the copolymer solution at this pH
leads to the aggregation of the micelles due to the collapse of the shell HPC chains.
The thermal sensitivity of the HPC-g-PDMAEMA copolymers is reversible (61).

Figure 5. Temperature dependence of 1H NMR spectra of the
HPC0.1-g-PDMAEMA20 solutions in D2O at pH (a) 3.0, (b) 8.1, and 12.3.
(Reproduced with permission from reference (61). Copyright 2010 ACS.)

116

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
A

ug
us

t 2
8,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 A

ug
us

t 1
7,

 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

10
7.

ch
00

6

In Functional Materials from Renewable Sources; Liebner, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Figure 6. Temperature dependence of the average hydrodynamic radius Rh of
HPC0.1-g-PDMAEMA20 in aqueous solution at different pH values. (Reproduced

with permission from reference (61). Copyright 2010 ACS.)

HPC-g-P4VP graft copolymers also show thermal and pH stimuli-responsive
properties (71). Figure 7 show the dependence of the transmittance of the
graft copolymer and P4VP solutions on the pH values of the solutions. All
the solutions are clear at a pH below 4, whereas the transmittance of the
solutions of HPC0.05-g-P4VP35 and P4VP start to decrease sharply at pH of 4.5
and 4, respectively. However, P4VP precipitated at pH of 4.8, whereas the
HPC0.05-g-P4VP35 solution becomes bluish and its transmittance was independent
on the pH value at pH ≥ 6, which indicates micelle formation at pH > 6.0. The
P4VP side chains become hydrophobic due to the deprotonation, while the HPC
backbones are still hydrophilic. Therefore, stable micelles were formed by the
aggregation of the hydrophobic P4VP side chains as the core and the hydrophilic
HPC backbones are in the shell of the micelles. For comparison, graft copolymers
with very short side chains, e.g. HPC0.05-g-P4VP3 were also investigated by
transmittance experiments. The solution was highly transparent and no obvious
cloud point was observed. This is due to the short P4VP side chain and the
low molar content of the P4VP side chains which cannot form efficiently large
aggregates.

Dynamic light scattering results are shown in Figure 8. It can be seen that
<Rh> and I1/I0 are very low and remain invariant at the pH < 4.While both I1/I0
and <Rh> jump sharply at around pH of 5.1. I1/I0 increases by about a factor of 30,
and <Rh> rises to about 190 nm when pH increases to 6, which is due to the P4VP
side chains becoming hydrophobic with rising pH value and aggregating into the
core of micelles that are stabilized with the hydrophilic HPC backbones. Both the
I1/I0 and <Rh> stay invariant over a wide pH range of 6-12, which demonstrates
that the hydrophilic HPC backbone can efficiently stabilize the hydrophobic P4VP
core and prevent the aggregates from precipitating.

The structure of the pH-inducedmicelles was investigated by 1HNMR (Figure
9). At low pH (pH 1.2), the characteristic peaks of both P4VP side chains at 8.3,
6.6 and 1.5 ppm and HPC back bones at 3-5 and 1.1 ppm appear in the 1H NMR
spectrum of the HPC-g-P4VP graft copolymers (Figure 9a), which indicates that
both the HPC back bones and P4VP side chains are soluble at a pH below the
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pKa of P4VP. The peaks coming from the protons of P4VP side chains at 8.3, 6.6
and 1.5 ppm decrease with increasing pH of the solution. These peaks become
quite weak at pH 4.8 (Figure 9b) and totally disappear at pH 7.4 (Figure 9c).
However, no obvious change can be observed for the peaks from the protons of
HPC backbone at 3-5 and 1.1 ppm. The results suggest that P4VP side chains
collapse to form the core of the micelles and the HPC backbones stay in the shell
to stabilize the micelles. The pH-induced micelles is quite stable. The size and
the size distribution of the micelles remained unchanged after the micelles of the
graft copolymer at pH 7.4 were stored at 25 °C for one month (Figure 10).

Figure 7. Transmittance of HPC0.05-g-P4VP graft copolymers and P4VP aqueous
solution at different pH values. (Reproduced with permission from reference

(71). Copyright 2010 ACS.)

Figure 8. I1/I0 and <Rh> of HPC0.05-g-P4VP35 as a function of pH at 25 °C.
(Reproduced with permission from reference (71). Copyright 2010 ACS.)
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Figure 9. 1H NMR spectra of HPC0.05-g-P4VP35 aqueous solutions (1 mg/mL)
at pH of (a) 1.2, (b) 4.8, and (c) 7.4. The spectra were recorded at 25 °C.
(Reproduced with permission from reference (71). Copyright 2010 ACS.)

Figure 10. Size distributions of the as-prepared micelles and the micelle
solution stored at 25 °C and pH of 7.4 for one month, concentrations 1 mg/mL.
(Reproduced with permission from reference (71). Copyright 2010 ACS.)

The thermally induced micelle formation of HPC-g-P4VP has also been
investigated systematically (71). Figure 11a shows the transmittance of
HPC-g-P4VP copolymers in aqueous solution as a function of temperature at pH
1.2. The transmittance of the HPC-g-P4VP solutions decreases at a temperature
above the LCST of HPC. Moreover, the solutions become less opaque with
the increase in the length of P4VP side chains. The cloud point of all the graft
copolymers is higher than that of HPC and shifts to a higher temperature with
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increasing the graft length (Figure 11b). DLS results indicate that the sharp
increase in <Rh> and the scattering intensity occur at about the cloud point of the
graft copolymers HPC0.05-g-P4VP35 (Figure 12). The <Rh> increases from 40 nm
to about 180 nm, and I1/I0 increases by about a factor of 50. The <Rh> and I1/I0
remain at a constant value with further increase of the temperature of the solution,
which indicates that P4VP can effectively stabilize the micelles in acidic solution.
The structure of the thermally induced micelles of HPC-g-P4VP graft copolymers
was investigated by 1H NMR in D2O. It was found that the peaks from protons
on the HPC backbones (around 1.1, 3.0-5.0 ppm) are largely shielded due to the
phase transition of HPC backbone above its LCST. However, the peaks from the
protons of P4VP side chains (at about 8.3, 6.6, and 1.5 ppm) are clear over the
measured temperature range (Figure 13). The 1H NMR results suggest that HPC
collapsed to form the core of the micelles that are stabilized with the protonated
P4VP side chains in the shell.

For HPC-g-P4VP graft copolymer with short side P4VP chains, e.g.
HPC0.05-g-P4VP3, the cloud point depends on the pH value. The cloud point of the
copolymer shifts to lower temperature with the increase in pH, whichmay attribute
to the deprotonation of P4VP side chains (Figure 14). The HPC0.05-g-P4VP35
copolymer shows both pH- and thermo-induced micelle formation in aqueous
solution, in which P4VP side chains are the core and HPC backbones the shell, or
vice versa. The pH- or thermo-induced micelles are prospected to have thermal
or pH sensitivity.

Figure 11. (a) Transmittance of HPC0.05-g-P4VP, HPC and P4VP aqueous
solutions as a function of temperature at pH 1.2 and (b) the cloud point as a
function of the length of P4VP side chains. (Reproduced with permission from

reference (71). Copyright 2010 ACS.)
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Figure 12. I1/I0 and <Rh> of HPC0.05-g-P4VP35 as a function of temperature at
pH 1.2. (Reproduced with permission from reference (71). Copyright 2010 ACS.)

Figure 13. 1H NMR spectra of HPC0.05-g-P4VP35 at pH 7.4 at temperature (a)
25, (b) 41, (c) 43, and (d) 47 °C. (Reproduced with permission from reference

(71). Copyright 2010 ACS.)
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Figure 14. (a) Transmittance of HPC0.05-g-P4VP3 aqueous solutions as a
function of temperature at different pH values and (b) cloud point as a function of
pH values. (Reproduced with permission from reference (71). Copyright 2010

ACS.)

Potential Applications of the Cellulose Graft Copolymers

Cellulose graft copolymers have some potential applications, e.g. ordered
microporous thin films, micelles for controlled drug release. Figure 15 shows the
morphology of the microporous films prepared from copolymer EC0.5-g-PS84/CS2
solutions with a different polymer concentration. The RH of the atmosphere was
adjusted at 72%. The results show that the average pore size of the obtained film
decreased from 4.0 µm to 100 nm when the polymer concentration increased from
1 to 20 g/L. The porous size of the porous films is also dependent on the length of
the side chain of EC-g-PS. Figure 16 shows the SEM images of the microporous
films prepared from the solutions of EC-g-PS copolymers with different side chain
length (DPSt). The copolymer concentration in CS2 solutions was set at 10 g/L and
the RH was set at 72%. In the case of the copolymer with the longest side chain,
EC0.5-g-PS256 (DPst = 256), the disordered porous film can be obtained and the
pore size has a wide distribution. The relative ordered structure could be obtained
from the copolymer EC0.5-g-PS162 with relative shorter side chain (DPst = 162)
than that of copolymer EC0.5-g-PS256 and the average diameter of pore is about
700 nm. Specifically, hexagonal pore morphology was observed (Figure 16d) in
the film prepared from the copolymer EC0.5-g-PS20 with the shortest side chain
(DPst = 20), which is different from the circular pores in the films prepared from
copolymer EC0.5-g-PS256, EC0.5-g-PS162, and EC0.5-g-PS84. The micro-pores are
well arranged and the pores have an average size of 1.65 µm (65).

As discussed in the previous section, amphiphilic cellulose graft copolymers,
such as EC-g-PPEGMA, can self-assemble into core-shell micelles in aqueous
media. Such micelles can be used as the carrier for controlled drug release.
Table 1 lists the loading of pyrene as the model drug in EC-g-PPEGMA micelles.
Generally, the copolymers with lower graft density or shorter side chains have
a higher loading efficiency and probe content, which attributes to the relatively
higher content of the hydrophobic EC backbone that has a better compatibility
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with pyrene at lower graft density. Moreover, higher graft density is the dominant
factor of loading efficacy and probe content. For example, the graft copolymers
EC0.15-g-PPEGMA13.4 and EC0.04-g-PPEGMA12.8 with almost the same side
chain length and different graft density showed an obvious difference in the
loading efficiency and probe content which may attribute to the higher flexibility,
hydrophobicity and compatibility with pyrene for the EC backbone chains at
lower DS. Besides the structure of the graft copolymers, the loading efficiency
also depends on the feeding ratio of the graft copolymer to pyrene. For the graft
copolymer of EC0.04-g-PPEGMA6.6 - when the feeding ratio of graft copolymer
to pyrene is changed from 5:1 to 10:1 - the loading efficiency is increased from
17.7% to 24.4%. For the copolymer of EC0.04-g-PPEGMA12.8, the loading
efficiency is increased from 16.3% to 28.3% when the feeding ratio of copolymer
to pyrene is changed from 5:1 to 10:1. However, the increase in the feeding ratio
of the graft copolymer to pyrene has no obvious effect on the loading capacity in
the micelles. The loading efficiency increases with increasing polymer-to-pyrene
ratio. However, the loading capacity in the micelles was mainly determined by
the structure and the property of the graft copolymer and partition coefficient of
pyrene in the micelles (70).

Figure 15. SEM images of porous films prepared from copolymer
EC0.5-g-PS84/CS2 solutions with a copolymer concentration of (a) 1, (b) 2, (c) 5,
(d) 10, (e) 15, and (f) 20 g/L at RH of 72%. (Reproduced with permission from

reference (65). Copyright 2009 Elsevier.)
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Figure 16. SEM images of porous films prepared from copolymer (a)
EC0.5-g-PS256, (b) EC0.5-g-PS162, (c) EC0.5-g-PS84, and (d) EC0.5-g-PS20 CS2
solutions at RH of 72%. The copolymer concentration is kept at 10 g/L.
(Reproduced with permission from reference (65). Copyright 2009 Elsevier.)

Table 1. Details of EC-g-PPEGMA copolymers, loading efficiency and probe
content of EC-g-PPEGMA micelles

Sample Graft
density a

Side chain
length b

Wpolym/Wpyc
Loading
eff. (%)

Probe cont.
(%)

EC0.15-g-
PPEGMA2.9

0.15 2.9 5:1 7.6 1.5

EC0.15-g-
PPEGMA13.4

0.15 13.4 5: 1 4.3 0.6

EC0.04-g-
PPEGMA6.6

0.04 6.6 5:1
10:1

17.7
24.4

4.4
4.2

EC0.04-g-
PPEGMA12.8

0.04 12.8 5:1
10:1

16.3
28.3

2.8
4.1

a Average graft of side chains. b Average repeating unit method. c Mass feeding ratio of
graft copolymer to pyrene in the preparation of pyrene-loaded micelles by dialysis, chains
per glucose ring of EC backbone.

Figure 17 shows the hydrodynamic radius (<Rh>) distribution of the pure
micelles and pyrene-loaded micelles of the graft copolymer EC0.04-g-PPEGMA12.8
and EC0.04-g-PPEGMA6.6. The results indicate that all the micelles have the good
unimodal size distribution. For the sample EC0.04-g-PPEGMA12.8, the average
hydrodynamic radius <Rh> of the pure micelle is about 31 nm , while <Rh> of
the pyrene-loaded micelles is 52 nm and 62 nm, for a pyrene content of 2.8% and
4.1%, respectively, which is much larger than that of the pure micelles. For the
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sample EC0.04-g-PPEGMA12.8, the average hydrodynamic radius <Rh> of the pure
micelle is about 54 nm and <Rh> of the pyrene-loaded micelles is 156nm for a
pyrene content of 4.2%. The increase of the <Rh> of the micelle with increasing
pyrene content results from the solubilized pyrene in the hydrophobic core of the
micelle. Moreover, whatever the blank micelles and pyrene loading micelles,
the side chain length of the graft copolymer evidently affects the <Rh> of the
micelles. The <Rh> of micelles of EC0.04-g-PPEGMA6.6 is larger than the micelles
of EC0.04-g-PPEGMA12.8. Therefore, the EC0.04-g-PPEGMA6.6 micelles contain
more molecules of copolymer.

Figure 17. Hydrodynamic radius distribution of the self-assembled blank micelle
and pyrene-loaded micelle at copolymer to pyrene ratio of 5:1 and 10:1. All the
measurements were carried out at a scattering angle of 90° and at a temperature
of 25 °C. (Reproduced with permission from reference (70). Copyright 2010

Elsevier.)

The release of pyrene from copolymer micelles (average graft density of 0.04)
with different graft length and at a ratio of Wpolym/Wpy was investigated in PBS
solutions at 37°C under constant stirring. The release of pyrene to the PBS solution
as a function of time is shown in Figure 18. When the pyrene-loaded micelles
was dialyzed against PBS solution, pyrene will diffuse into the PBS solution due
to concentration gradient. All pyrene-loaded micelles show a two-step release
profile, i.e. an initial burst release in the 1st hour and then a sustained release
for a long time. The burst release of pyrene may be caused by the diffusion of
absorbed pyrene from the hydrophilic corona of the micelle and then the followed
sustained release may be dominated by the pyrene from the hydrophobic core of
the micelles. The pyrene in the micelle of EC0.04-g-PPEGMA6.6 showed a slower
release than that in the micelle of EC0.04-g-PPEGMA12.8, which is due to the higher
pyrene probe content in the EC0.04-g-PPEGMA6.6 micelles. The release rate can
be controlled by changing the ratio of copolymer to pyrene for a graft copolymer
with same graft length. The results mentioned above suggest that EC-g-PPEGMA
copolymers might be used as a good carrier material for the sustained release of
hydrophobic drugs (70).
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Figure 18. The release profile of pyrene from EC-g-PPEGMA micelles to
phosphate buffer solution (PBS) (pH 7.4) as a function of time at 37 °C.
(Reproduced with permission from reference (70). Copyright 2010 Elsevier.)

EC-g-PDEAEMA graft copolymer micelles can also be used as the drug
carrier. The cumulated release of the model rifampicin (RIF) in the buffer solution
at pH 6.6 is higher than that at pH 7.4 (72).

Redox groups can be introduced in the cellulose graft copolymers, which can
be used for application as functional materials for the decoration of electrodes
that can be used as biosensors. Figure 19 shows the HPC-g-P4VP copolymers
conjugated with Os(bipyridine) (HPC-g-P4VP-Os(bpy). The copolymers
have pH-dependent redox properties and have a wide working window. The
cyclic voltammograms of the HPC-g-P4VP-Os(bpy) modified electrode shows
switchable property and is reproducible for several circles. At low pH (e.g. 5.6),
the electrochemical activity of the HPC-g-P4VP-Os(bpy) modified electrode is
better than that at higher pH (e.g. 10), which is due to collapse of the P4VP side
chain, and the electrochemical activity of the electrode is reduced as a result.
However, the hydrophilic property of backbone still maintains the electrochemical
process.

Figure 20a shows the cyclic voltammograms of HPC-g-P4VP-Os(bpy)
modified electrode in the solutions with and without glucose. The oxidation
of glucose is catalyzed by glucose oxidase (GOx). It is shown that the anodic
electrocatalytic current corresponds to the oxidation of glucose biocatalyzed by
GOx and mediated by HPC-g-P4VP-Os(bpy) graft copolymer. Figure 20b shows
the amperometric response of the GOX/HPC-g-P4VP-Os(bpy) biosensor to
different concentrations of glucose in PBS (0.1 M, pH 7.0) at an applied potential
of 0.4 V. The results indicate that the biosensor is sensitive to the concentration of
glucose and that the current obviously increases with the increasing concentration
of glucose. The results show that the current of the GOX/HPC-g-P4VP-Os(bpy)
modified electrode is linear to the glucose concentration with a limit of detection of
0.2 mM. The above results confirm that HPC-g-P4VP-Os(bpy) graft copolymers
can be used as a matrix that provides a good environment for enzyme activity to
enhance the sensitivity of the modified electrode for glucose detection.
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Figure 19. The chemical structure and (a) cyclic voltammograms of the
HPC-g-P4VP-Os(bpy) modified electrode obtained upon stepwise measurements
performed at pH 5.56 and at pH 10 solutions; (b) reversible switching of
the HPC-g-P4VP-Os(bpy) modified electrode activity. Measurements were
performed in 0.1 M phosphate buffer with a potential scan rate of 100 mV/s.
(Reproduced with permission from reference (79). Copyright 2011 ACS.)

Figure 20. (a) Cyclic voltammograms corresponding to the oxidation of glucose
catalyzed by glucose oxidase (GOX), 0.014 mM. The measurements were

performed in 0.1 M phosphate buffer (pH 7.0) with a potential scan rate of 50
mV/s. (b) Amperometric response of the GOX/ HPC-g-P4VP-Os(bpy) biosensor
to different concentrations of glucose in PBS (0.1 M, pH 7.0) at an applied

potential of 0.4 V. (Reproduced with permission from reference (79). Copyright
2011 ACS.)
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Summary and Perspective

As one of the most abundant renewable natural polymers, it is undoubted that
cellulose is the un-replaceable material in both polymer science and materials.
However, efficient applications of cellulose are still limited due to the strong inter-
and intra-molecular hydrogen bonds. The general investigations of synthesis and
properties of cellulose graft copolymers by ATRP are helpful for the understanding
of the structure and properties relationships of cellulosic functional materials. The
cellulose graft copolymers synthesized by ATRP have a well-defined architecture
without homopolymer chains formed during the ATR reaction. The possible
tuning of cellulose functional materials based on cellulose graft copolymers can
be achieved by variation of the chemical structure of both cellulosic backbone and
side chain, the graft density, and the length of the side chain. The disadvantages
of the ATRP graft copolymerization are that it is undesirable to carry out ATRP
graft copolymerization at large scale. Moreover, the cellulose backbone is from
nature and has a wide molecular weight distribution.

In personal view, themost important problems for the applications of cellulose
is to understand the inter- and intra-molecular interactions of cellulose, the basic
information of the interactions between cellulose and other small molecules for
the purpose to find common methods for processing cellulose. The other problem
is to understand surfaces and interfaces of cellulose, lignin, hemicellulose and
other component in the natural state. It is known that wood itself is the most
optimized composites with the most reasonable structure and properties in nature.
The understanding of the surface and the interface problems of cellulose could
help us to setup reasonable methods for the preparation of composites.
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Chapter 7

Diblock Copolymers of Cellulose and
Poly(methyl methacrylate) Initiated
by Radicals Produced by Mechanical

Scission of Cellulose

M. Sakaguchi,*,1 T. Ohura,2 and T. Iwata3

1Institute for Environmental Sciences, University of Shizuoka, 52-1, Yada,
Suruga-ku, Shizuoka 422-8526, Japan

2Faculty of Agriculture, Meijo University, 1-501, Tempaku-ku,
Nagoya 468-8502, Japan

3Department of Biomaterial Sciences, Graduate School of Agricultural
and Life Sciences, The University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku,

Tokyo 133-8657, Japan
*E-mail: sakaguchi@u-shizuoka-ken.ac.jp

A diblock copolymer of bacterial cellulose (BC) and
poly(methyl methacrylate) (BC-block-PMMA) was produced
by the mechanical fracture of BC in the presence of methyl
methacrylate (MMA) in vacuum at 77 K. The radical
polymerization of MMA was initiated by chain-end-type
radicals of BC (BC mechano-radicals) that were produced by
mechanical scission of d-1,4 glycosidic linkages of BC. The
BC surface was covered with PMMA chains. Furthermore, a
diblock copolymer of microcrystalline cellulose (MCC) and
PMMA (MCC-block-PMMA) was produced in a similar way.
TheMCC nanoparticles were fully covered with PMMA chains,
i.e., MCC core and PMMA shell nanoparticles were obtained.
The core/shell nanoparticles were dispersed in chloroform, and
resulted in an optically transparent liquid. The average diameter
of the core/shell nanoparticles in chloroform was estimated to
be 52 nm. The particles were studied by ESR, FTIR, 1H NMR,
GPC and DLS spectroscopy.

© 2012 American Chemical Society
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Introduction

Cellulose is the most abundant biological resource on earth, and it has been
used to manufacture paper, building materials, textiles, etc. Furthermore, cellulose
is a carbon-neutral material and a renewable resource. Thus, the widespread use
of cellulose can help to realize a sustainable society. Chemical modification of
cellulose can facilitate this goal. Block copolymerization of cellulose may open
up novel uses of this compound. We aimed at synthesizing a diblock copolymer of
cellulose by radical polymerization initiated by the radicals located at the end of
the cellulose chains, which were produced by the mechanical scission of the β-1,4
glycosidic linkage and located on the cellulose surface.

Many workers have reported (1–4) that mechanical destruction of cellulose in
air at room temperature produces radicals. In these experiments, the radicals were
unstable in air at room temperature and, subsequently, were converted to other
chemical species through side reactions (5). The highly reactive radicals react
easily with oxygen, and can be converted to peroxide radicals. Unfortunately,
the electron spin resonance (ESR) spectrum of any peroxide radical indicates a
characteristic amorphous pattern at 77 K, the temperature at which molecular
motion reaches the rigidity limit (6–9). Therefore, the original radical species
giving rise to subsequently formed peroxide radicals cannot be identified from the
ESR spectrum. Thus, the scission mechanism of the β-1,4 glycosidic linkages that
occurs upon mechanical fracture of cellulose cannot be directly demonstrated.

In this study, we used bacterial cellulose (BC) as the variant of cellulose. To
reveal the scission mechanism of cellulose and the production of chain-end-type
radicals, we carried out the mechanical fracture of BC in vacuum at 77 K, which
produced chain-end-type radicals of BC (BC mechano-radicals), induced by
scission of β-1,4 glycosidic linkages. Furthermore, the diblock copolymer of
BC and PMMA (BC-block-PMMA) was synthesized on the BC surface starting
from the BC mechano-radicals, and BC particles were covered with PMMA
chains, giving BC-block-PMMAs (10). In addition, we applied this technique to
microcrystalline cellulose (MCC) and MMA, and obtained diblock copolymer
of MCC and PMMA (MCC-block-PMMA). The MCC nano particles were fully
covered with PMMA chains i.e., MCC core/PMMA shell nanoparticles were
obtained.

Experimental

Bacterial Cellulose

Gluconacetobacter xylinus (Acetobacter xylinum) JCM9730 was used as
a strain for the production of BC. Culture conditions and purification were as
previously reported (10).

Mechanical Destruction of BC

BC (0.5 g) was dried in a glass ball mill vessel and evacuated under 0.6 Pa at
373 K for 7 h, sealed off, and placed in a Dewar filled with liquid nitrogen. The
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BC was mechanically fractured by a homemade vibration ball mill apparatus for
7 h at 77 K in vacuum (11). After milling, the fractured BC was dropped into the
ESR sample tube attached to the top of the glass ball mill by turning it over into
the liquid nitrogen within 1 s.

Synthesis of BC-block-PMMA

MMA was purified by distilling it twice in a vacuum line before use. Oxygen
gas incorporated in MMA was eliminated by performing the freeze-pump-thaw
cycles four times. The purified MMA was introduced into the glass ball mill
containing the vacuum-dried BC, and the mill vessel was sealed off from the
vacuum line, set to the homemade vibration ball mill, and milled in vacuum at
77 K for 7 h.

Acetylation of Fractured BC and BC-block-PMMA

Acetic acid (0.570 mol) and trifluoroacetic acid anhydride (0.436 mol) were
mixed at 323 K for 20 min, BC (0.023 mol glucosyl units) was introduced, and the
solution was acetylated at 323 K for 12 h. Acetylated BC (BCTA) was precipitated
with methanol, filtered, and dried under vacuum at 343 K for 6 h. Acetylated
BC-block-PMMA (BCA-block-PMMA) was produced by the same procedure.

1H NMR Measurement

1H NMR spectra were recorded on a JEOL ALPHA-500 NMR spectrometer
at 500 MHz with CDCl3. TMS was used as the internal reference for chemical
shifts.

ESR Measurement

ESR spectra were observed at a microwave power level of 2 μW to avoid
power saturation and with 100 kHz field modulation using a Bruker EMX Plus
spectrometer (X-band) equipped with a helium cryostat (Oxford ESR 900) and a
temperature controller (Oxford ITC4).

ESR Spectral Simulation

ESR spectral simulation was carried out by a homemade computer programto
calculate the line shape equation of the ESR spectrum in solid state, having
anisotropic g and hyperfine splitting tensor A, as shown in previous studies (8, 9).

BET Measurement

The nitrogen adsorption isotherm at 77 K was obtained on a Quantachrome
Autosorb-1 system. All samples were degassed at 298 K over 5 h before
measurement. Surface areas were calculated according to the BET method in the
0.13 to 0.27 relative pressure (P/P0) range.
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GPC Measurement

The molecular weights of samples were observed by using GPC (Shimazu
10A GPC system) with column Shodex K802 and K806M.

Dynamic Light Scattering Measurement

Dynamic light scattering (DLS) measurements were performed on a nano
Partica SZ-100 (HORIBA Co. Ltd.) in chloroform at 298 K.

Results and Discussion

Mechanical Fracture of BC

BC in a glass ball mill was fractured in vacuum at 77 K for 7 h. Figure 1a
shows the ESR spectrum of the fractured BC observed at 77 K, which is a broad
signal with humps. After ESR measurement, the fractured BC was annealed at
250 K. The humps were decreased by annealing (Figure 1b, shown with arrows).
Subsequently, after annealing at 290 K, the humps disappeared from the spectrum
(Figure 1c), and a broad singlet spectrum appeared. The ESR line shape of the
spectrum was unaltered by annealing at 350 K, but the ESR intensity decreased.
These results indicate that the spectrum of fractured BC annealed at 290 K (Figure
1c) consist of a single radical species, whereas the spectrum before annealing
(Figure 1a) is a superposition of several radical species.

Figure 1. ESR spectra of (a) fractured BC, (b) annealed at 250 K, and (c)
annealed at 290 K. All ESR spectra were observed at 77 K. (Reproduced with
permission from reference (10). Copyright 2010 American Chemical Society.)
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To elucidate the stability of radicals, the fractured BCwas annealed at elevated
temperatures for 10 min and measured again at 77 K. Figure 2 shows that the
radical intensity did not change below 150 K. Above 150 K, it decayed as the
annealing temperature increased. The radical intensity was synchronized with the
height of the humps in the ESR spectrum (Figure 1a). The humps disappeared
at 290 K, and a singlet appeared (Figure 1c) with 58% intensity. These results
indicate that the singlet spectrum (Figure 1c) consists of a single radical species
and its intensity is about half of that of the fractured BC.

Figure 2. Relative intensities of radicals of fractured BC versus annealing
temperatures. The intensity was obtained by double integration of the ESR

spectrum and normalized to the intensity of the fractured BC. (Reproduced with
permission from reference (10). Copyright 2010 American Chemical Society.)

When mechanical energy was applied to BC, its β-1,4 glycosidic linkages
were broken according to two types of scission mechanisms: scissions I and II
(shown with wavy lines in Figure 3). Scissions I and II produced pairs of radicals:
Ia and Ib as well as radicals IIa and IIb. Radicals Ib and IIa are alkoxyl radicals.

The simulated spectrum of the alkoxyl radicals was calculated (8, 9) with
an isotropic g value (giso = 2.0045 ± 0.005) and isotropic hyperfine splitting (Aiso
= 1.20 ± 0.08 mT) of one β-H. The simulated spectrum of the alkoxyl radicals
(broken line in Figure 4) is quite close to the observed spectrum of the fractured
BC annealed at 290 K. This result indicates that the fracture of β-1,4 glycosidic
linkages produced the alkoxyl radicals Ib and IIa.

Radical Ia produced by scission I has one α proton (α-H) and one β proton
(β-H). Assuming the isotropic g value (giso = 2.0043 ± 0.005), the principal value
of the anisotropic hyperfine splitting (Ax, Ay, Az) = (2.10 ± 0.08, 3.10 ± 0.08, 1.10 ±
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0.08mT) of α-H and the isotropic hyperfine splitting (Aiso= 2.80 ± 0.08mT) of β-H,
the simulated spectrum was obtained as a triplet (shown in Figure 5 as thin solid
line). Radical IIb produced by scission II has one α-H and two β-Hs. Assuming
the isotropic g value (giso = 2.0034 ± 0.005), the principal value of anisotropic
hyperfine splitting (Ax, Ay, Az) = (2.30 ± 0.08, 3.40 ± 0.08, 1.20 ± 0.08 mT) of α-H
and, incidentally, the nearly identical isotropic hyperfine splitting (Aiso = 3.20 ±
0.08mT) of the two β-Hs, the simulated spectrumwas obtained as a quartet (shown
in Figure 5 as the thin dash double-dotted line). The simulated singlet spectrum
of the alkoxyl radicals (Ib and IIa) is shown in Figure 5 as the bold dash-dotted
line. We assumed the relative intensity of each radical on the ESR spectrum of the
fractured BC as follows: Ib and IIa (0.50), Ia (0.25), and IIb (0.25). The simulated
spectrum (Figure 5, bold dashed line) is nearly indistinguishable from the observed
spectrum (Figure 5, bold solid line). From these results, we conclude that the β-1,4
glycosidic linkages in BC were fractured mechanically. This fracture produced
pair formations of chain-end-type radicals: Ia and IIb and alkoxyl radicals IIa and
Ib. The ratio of scissions I and II may be nearly equal, which is based on the
relative intensity ratio of each radical. The chain-end-type radicals Ia and IIb are
called BC mechano-radicals in the following.

Figure 3. Chemical structure of mechano-radicals Ia and IIb and alkoxyl
radicals Ib and IIa produced by the mechanical scission of β-1,4glycosidic
linkages of BC. (Reproduced with permission from reference (10). Copyright

2010 American Chemical Society.)
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Figure 4. ESR spectrum of fractured BC annealed at 290 K (solid line) and the
simulated spectrum of the alkoxyl radicals (dashed line). (Reproduced with
permission from reference (10). Copyright 2010 American Chemical Society.)

Figure 5. Observed ESR spectrum of the as-fractured BC (bold solid line) and
the simulated spectrum (bold dashed line) consisting of Ia (thin solid line), IIb
(thin dash double-dotted line), and alkoxyl radicals (bold dash-dotted line).
(Reproduced with permission from reference (10). Copyright 2010 American

Chemical Society.)
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Block Copolymerization of BC with MMA

BC with MMA was fractured in vacuum at 77 K. The ESR spectrum (Figure
6, solid line) observed at 77 K seems to be a superposition of characteristic PMMA
propagating radicals, -CH2-C• (CH3)(COOCH3) (12–14) as the major part and
alkoxyl radicals (thin dash-dotted line) as the minor part of the spectrum.

Figure 6. Observed ESR spectrum of BC fractured in the presence of MMA (solid
line) and simulated spectrum of alkoxyl radicals (dashed line). The simulated
spectrum consisted of PMMA propagating radicals with a relative intensity of
0.8 and alkoxyl radicals with a relative intensity of 0.2 (dash-dotted line line).
(Reproduced with permission from reference (10). Copyright 2010 American

Chemical Society.)

The simulation spectrum of the PMMA propagating radical was calculated
with Aiso,CH3 = 2.22 mT for the freely rotating CH3 group and Aβ,H1 = 1.51 mT
and Aβ,H2 = 0.82 mT. The line shape of the simulation spectrum is close to the
spectrum reported by Iwasaki and Sakai (15, 16). Furthermore, the simulated
spectrum (shown in Figure 6, dashed line) was calculated as superposition of the
PMMA propagating radicals with a relative concentration of 0.8 and the simulated
spectrum of alkoxyl radicals with a relative concentration of 0.2. The simulated
spectrum is fairly indistinguishable from the observed spectrum. By contrast, no
ESR signal was observed from the unfractured BC with MMA. Therefore, we
can conclude that the BC mechano-radicals Ia and IIb, which were produced by
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scissions of β-1,4 glycosidic linkages and were initiating a radical polymerization
of MMA and produced the BC-block-PMMA on the BC surface. The reaction
scheme of Ia with MMA is shown in Figure 7. IIb has the same reaction fate as Ia.

Figure 8a shows the Fourier transform infrared (FT-IR) spectrum of the BC
fractured without MMA in vacuum at 77 K, showing a characteristic cellulose
pattern. No peak was observed at around 1729 cm-1. The BC-block-PMMA was
washed by Soxhlet extract with chloroform for 24 h, and the residue was dried
in vacuum at 343 K for 6 h. The FT-IR spectrum of the residue (Figure 8b)
shows a similar pattern to that of the BC fractured without MMA, except at the
1729 cm-1 peak due to the carbonyl group on the PMMA chain. Because the
MMA monomer was removed from the residue by the Soxhlet extract treatment,
these results are additional evidence for the production of BC-block-PMMA by
the mechanochemical reaction of BC with MMA.

Figure 7. Reaction scheme for the formation of BC-block-PMMA, in which
polymerization of MMA is initiated by radical Ia. (Reproduced with permission

from reference (10). Copyright 2010 American Chemical Society.)

Figure 8. FT IR spectrum of (a) the fractured BC and (b) the BC-block-PMMA.
(Reproduced with permission from reference (10). Copyright 2010 American

Chemical Society.)

The PMMA homopolymer (weight-averaged molecular weight, Mw =
2.72 × 105 g/mol, number-averaged molecular weight, Mn = 1.48 × 105g/mol;
Mw/Mn = 1.84) was synthesized by the radical polymerization of MMA with
azobisisobutyronitrile as the initiator at 373 K for 2 h. The 1H NMR spectrum
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(Figure 9a) of PMMA shows a characteristic pattern (17, 18). The signals at δ =
0.85-1.24 (peak c), 1.81-2.07 (peak b), and 3.60 ppm (peak a) were assigned to the
methyl protons (c), methylene protons (b), and methoxy protons (a), respectively.

The 1H NMR spectrum (Figure 9b) of BCTA shows the characteristic
resonances of cellulose triacetate (19, 20). The signals at δ = 1.94-2.12 ppm were
assigned to the protons of the acetyl groups. In the region from 3.4 to 5.3 ppm,
the signals at δ = 4.42, 4.79, 5.07, 3.71, 3.54, 4.38, and 4.06 ppm were assigned to
the protons on the glucopyranose ring at positions 1-H, 2-H, 3-H, 4-H, 5-H,6-H,
and 6′-H, respectively.

Figure 9. 1H NMR spectra of (a) PMMA, (b) BCTA, and (c) BCA-block-PMMA.
(Reproduced with permission from reference (10). Copyright 2010 American

Chemical Society.)
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The washed and the dried residue, BC-block-PMMA, was acetylated with
trifluoroacetic acid/acetanhydride and resulted in acetylated BC-block-PMMA
(BCA-block-PMMA). The 1HNMR spectra (Figure 9c) of the BCA-block-PMMA
reveals two proton groups: one arises from the glucopyranose ring of acetylated
BC: 1-H (δ = 4.42 ppm), 2-H (4.79 ppm), 3-H (5.07 ppm), 4-H (3.71 ppm), 5-H
(3.54 ppm), 6-H (4.39 ppm), and 6′-H (4.06 ppm), whereas the other arises from
the protons of the PMMA chains. It is reasonable to assume that the main chain
that consists of BCA-block-PMMA is unaltered by acetylation.

Surface Modification of BC with BC-block-PMMA

To reveal the profile of the surfacemodification of BCwith BC-block-PMMA,
the following experiments were performed. To estimate the molecular weights
of PMMA in BC-block-PMMA, the BC-block-PMMA was acetylated with acetic
acid and trifluoroacetic acid/acetanhydride, and resulted in BCA-block-PMMA,
of which the GPC data were as follows: Mw = 5.15 × 105 g/mol, Mn = 1.63 × 105
g/mol, and Mw/Mn = 3.15. The molar ratios of BCTA and PMMA in BCA-block-
PMMA, calculated based on the 1H NMR spectrum, were 86.4 and 13.6 mol%,
respectively. Thus, the Mn values of BCTA and PMMA can be calculated as 1.53
× 105 g/mol (degree of polymerization [DP] = 609, acetylated cellulose unit = 252
g/mol) and 9.59 × 103 g/mol (DP = 95.8, MMA unit = 100.12g/mol), respectively.

Assuming that the DP of PMMA is unaltered by the acetylation of BC-block-
PMMA, theMn of the PMMA chain of BC-block-PMMA is 9.59 × 103 g/mol (DP
= 95.8). The specific surface area of the fractured BC (12.0 m2/g) was obtained
according to the BET method. The concentration of radicals in BC fractured in
vacuum at 77 K for 7 h was 1.73 × 1018 spins/g. The occupied surface area per
spin was calculated to be 6.94 nm2/spin. Assuming the occupied surface area to
be a circle, the radius (Rt) per tethered point (PMMA stem base) is 1.49 nm. The
schematic illustration is shown in Figure 10.

The radius of gyration (Rg,0 = [C∞ (2DP - 1)ab2/6]0.5) of the PMMA chains
on the BC-block-PMMA was calculated as 2.27 nm based on a DP of 95.8, a
carbon-carbon bond length of ab = 0.15351 nm (21), and the characteristic ratio
(C∞ = 6.9) of atactic PMMA (22). The relative radius (RL = Rg,0/Rt) of PMMA
was 1.52 > 1.0. Thus, a tethered PMMA chain is in contact and entangles with
the neighboring PMMA chains (illustrated in Figure 10). BC particles are fully
covered with PMMA chains of BC-block-PMMA.

Mechanical Fracture of MCC

MC was fractured in vacuum at 77 K for 7 h. The observed ESR spectrum of
fractured MCC is shown in Figure 11 (bold solid line). From the fracture scheme
of cellulose (Figure 3), radical Ia, which is produced by scission pathway I, has
Hα and one Hβ. The simulated spectrum was obtained by using ESR parameters;
giso (2.0034 ± 0.005), (Ax, Ay, Az) = (2.10 ± 0.08, 3.10 ± 0.08, 1.10 ± 0.08 mT) for
Hα and Aiso (3.10 ± 0.08 mT) for Hβ: a triplet (shown in Figure 11 with dotted
line). The radical IIb, which is produced by scission path II, has one Hα and
two Hβ atoms. The simulated spectrum was obtained by using ESR parameters;
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giso (2.0034 ± 0.005), (Ax, Ay, Az) = (2.30 ± 0.08 mT, 3.40 ± 0.08 mT, 1.20 ± 0.08
mT) for Hα and Aiso values of 4.00 ± 0.08 mT and 3.400 ± 0.08 mT for Hβ2 and
Hβ1, respectively: a quartet (shown in Figure 11 with thin dash-dotted line). The
simulated doublet spectrum arising from the alkoxyl radicals (Ib and IIa) is also
shown in Figure 11 (thin solid line).

Figure 10. Schematic drawing of BC-block-PMMA on the BC surface.
(Reproduced with permission from reference (10). Copyright 2010 American

Chemical Society.)

Figure 11. Observed ESR spectrum of the fractured MCC (bold solid line) and
the simulated spectrum (bold dashed line) consisting of Ia (triplet: bold dotted
line), IIb (quartet: thin dash-dotted line), and alkoxyl radicals (doublet: thin

solid line).
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The simulated spectrum is almost identical to the observed spectrum.
Therefore, it can be said that the β-1,4 glycosidic linkages that comprise the MCC
main chain were fractured by mechanical energy and resulted in MCC mechano
radicals, Ia and IIb, and alkoxyl radicals, IIa and Ib, similar to the behavior of BC
described above.

Block Copolymerization of MCC with MMA

MCC was fractured in the presence of MMA in vacuum at 77 K. The ESR
spectrum of the fractured sample revealed the similar pattern as shown in Figure
6, which has characteristicsof PMMA propagating radicals.

The fractured sample was evacuated at 300 K for 6 h to eliminate non- reacted
MMA. The sample was then washed by Soxhlet extraction with chloroform for 21
h. We obtained two samples: one is “MCC-block-PMMA residue”, the remainder
after Soxhlet extraction, and the second is “MCC-block-PMMA filtrate”, which
was extracted. Both samples were acetylated according to the same procedure
described in previous section. The acetylated MCC-block-PMMA residue
(MCCA-block-PMMA residue) and the acetylated MCC-block-PMMA filtrate
(MCCA-block-PMMA filtrate) were obtained.

Figure 12. 1H NMR spectra of (a) MCCA-block-PMMA residue and (b)
MCCA-block-PMMA filtrate.

The 1HNMR spectrum (Figure 12a) of theMCCA-block-PMMA residue in d-
chloroform reveals two proton groups: one from the protons of the glucopyranose
rings of MCCA; 1-H (4.42 ppm), 2-H (4.79 ppm), 3-H (5.07 ppm), 4-H (3.71
ppm), 5-H (3.54 ppm), 6-H (4.38 ppm), and 6′-H (4.06 ppm), and the other from
the methyl protons (0.86–1.02 ppm), methylene protons (1.81 ppm), and methoxy
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protons (3.60 ppm) of the PMMA chains. The 1H NMR spectrum (Figure 12b)
of the MCCA-block-PMMA filtrate in d-chloroform reveals strong peaks from the
proton groups of PMMA and weak peaks from the glucopyranose rings.

These results indicate that MCC behaved similarly to BC in the fracture and
copolymerization experiments. The MCC-block-PMMAwas located on the MCC
surface, forming MCC core/PMMA shell nanoparticles.

Nanoparticles of MCC Fully Covered with PMMA from the
MCC-block-PMMA Filtrate: MCC Core/PMMA Shell Nanoparticles

The core-shell nanoparticles were dispersed in chloroform, and resulted in
a transparent liquid. The average diameter of the core/shell nanoparticles in
chloroform was estimated at 52 nm by DLS. The transparency was kept over one
month.

Conclusions

Modification of cellulose involving diblock copolymerization may provide a
novel usage of cellulose. We intended to synthesize diblock copolymer of cellulose
by initiating the radical polymerization with bymechano-radicals from the fracture
of cellulose.

Here, we used bacterial cellulose (BC) and microcrystalline cellulose (MCC).
The mechanical fracture of BC (or MCC) in vacuum at 77 K produced mechano-
radicals by scissions of the β-1,4 glycosidic linkage. The BC-block-PMMA was
synthesized on the BC surface by radical polymerization of MMA initiated by the
BC mechano-radicals. The BC surface was fully covered with the PMMA chains
of BC-block-PMMA. MCC showed the same behavior.

The MCC nanoparticles were fully covered with PMMA chains thus forming
MCC core/PMMA shell nanoparticles, dispersable in chloroform as clear liquid.
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Chapter 8

Super-Hydrophobic Cotton Fabric Prepared
Using Nanoparticles and Molecular Vapor

Deposition Methods

N. Abidi,* P. Aminayi, L. Cabrales, and E. Hequet

Fiber and Biopolymer Research Institute,
Department of Plant and Soil Science, Texas Tech University,

P.O. Box 45019, Lubbock, Texas 79403, USA
*E-mail: n.abidi@ttu.edu

Cotton fabric was functionalized with nanoparticles vapor
deposition (NVD) of Al2O3 followed by molecular vapor
deposition (MVD) of (tridecafluoro-1,1,2,2,-tetrahydrooctyl)-
trichlorosilane (FOTS). The nanoparticles deposition increased
the surface roughness, leading to higher contact angles. The
morphology of the treated surfaces was observed with scanning
electron microscopy. Fourier-transform infrared (FT-IR)
analysis of the functionalized surfaces showed the presence of
peaks corresponding to C-F, CF2, Al-O, and O-Al-O. Dynamic
water contact angles were measured in order to assess the
hydrophobic properties of the functionalized surface. Dynamic
contact angles higher than 150° were obtained for water. In
addition, samples treated with nanoparticles and FOTS layer
showed low hysteresis when measuring advancing and receding
contact angles.

© 2012 American Chemical Society
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Introduction

Interests in super-hydrophobic surfaces have been increasing in recent years.
There are numerous surfaces in nature which possess hydrophobic characteristics.
In general, surfaces with a static contact angle higher than 150° and low contact
angle hysteresis are defined as super-hydrophobic surfaces. Highly hydrophobic
surfaces have many industrial applications; some of these can be in solar panels,
architectural glass, heat transfer surfaces, piping, boat hulls, and microfluidics.
Two approaches are commonly used to produce super-hydrophobic surface. In the
first approach, a coating is applied to a rough surface using low-surface-energy
materials. In the second approach, a low surface energy material is roughened
in order to achieve this remarkable property (1). Compounds based on silicones
(2–4), and fluorocarbons (5–10) are most used for this purpose.

Processes to impart water repellency to substrates are commonly carried out
in liquid phase. Liquid processes have many disadvantages when compared to gas
phase processes such as: disposal of organic solvents, incomplete wetting of high
aspect ratio structures, diffusion limited transport of reactants, and poor control of
reactant supply among others (11). In this study, a vapor phase treatment was used
to impart super-hydrophobic properties to cotton fabric surfaces. Chemical vapor
deposition (CVD) is a gas phase process where the gas molecules react to create
thin films (12). In the past, CVDhas been used to create hydrophobic surfaces (13).
A special type of gas phase treatment is atomic layer deposition (ALD). In ALD,
binary sequential gas reactions occur. Each chemical is introduced in the chamber
separately after the other reactant has been removed. One of the advantages of
ALD process is the precise thickness (Angstrom scale) and high uniformity of the
resultant coating. This is due to the self-limiting surface reactions used in ALD.
Since the process is done under gas phase, the reaction can take place even in the
pores of the substrate (14). Because of the ability of the sequential reaction, the
coating thickness is not limited to one layer; hence the thickness is controllable
depending on the number of sequences. ALD has been used in the past to produce
conformal hydrophobic surfaces by first adding a seed layer onto substrates by
ALD and then reacting the seed layer with non-chlorinated alkylsilanes (15).

Hyde et al. reported on the use of ALD to perform inorganic nanoscale
coatings on three-dimensional natural fibers (16). Cotton fabric was treated
with chlorine to remove unwanted contaminants and to whiten the fabric, and
subjected to a mercerization process. The authors used a hot-wall viscous-flow
tube reactor to perform ALD of Al2O3 using trimethyl aluminum and H2O
(17). The authors measured the thickness of Al2O3 film on cotton fabrics and
reported a growth rate of 5 Å per cycle initially and 3 Å per cycle as the growth
proceeds. The static water contact angle measurements after 100 cycles of Al2O3
showed 127°. However, the treated fabric did not show a good dynamic contact
angle. The authors reported a decrease of the water contact angle to 53° after
60 min. Jur et al. reported on the use of ALD of conductive coatings on cotton,
paper, and synthetic fibers (18). Using this technique, ZnO films were formed
at 115 °C on fiber and planar silicon substrates. The authors concluded that the
conductivity values are consistent with the values expected from the respective
thin film conductivity. Hyde et al. reported that ALD of Al2O3 on nonwoven
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polypropylene and woven cotton fabric materials can be used to transform and
control fiber surface properties (19). The results showed that the transition
between non-wetting to wetting depends on the ALD process variables such as
the number of ALD coating cycles and deposition temperature.

The layer-by-layer deposition technique was reported to be suitable to
create multilayer thin films on different surfaces (20–25). Super-hydrophobic
cotton fabric was fabricated by electrostatic layer-by-layer assembly of
polyelectrolyte/silica nanoparticle multilayers followed with fluoroalkylsilane
treatment (26). The results showed that cotton fabric treated with 5 multilayers
or more achieved slippery hydrophobicity with a contact angle hysteresis lower
than 10°.

The deposition of Al2O3 is a model system for ALD because the surface
reactions were reported to be very efficient and self-limiting (14). Al2O3 is
deposited by the sequential reaction of trimethyl aluminum (TMA) and water
(H2O) as shown in the following reaction (14, 27):

The effect of surface roughness and heterogeneity on wettability and water
contact angle has been the subject of numerous studies (28, 29). Ogawa et al.
reported that a glass plate can be made “ultrahydrophobic” with a contact angle
of 155° by roughening it at submicron level followed by a hydrophobization step
using a fluoroalkyltrichlorosilane (30).

In this paper, the same reactants for ALD of Al2O3 are used to create
ALD-like films and to deposit nanoparticles with a method called Nanoparticle
Vapor Deposition (NVD). In NVD, a binary sequential reaction was also used,
just as in ALD. The only difference was that the second reactant was introduced
without removing the first reactant from the chamber. By doing this, aluminum
oxide nanoparticles were deposited on the substrate instead of a conformal
coating, leading to an increase of the surface roughness. Then, by using a CVD
method, called Molecular Vapor Deposition (MVD), a thin fluorocarbon layer
is deposited on the nanoparticles. With the increased roughness of the substrate
surface and the addition of the fluorocarbon layer, super-hydrophobic properties
are imparted to a material. In this work, we were interested to have a surface with
very low contact angle hysteresis (which is defined as the difference between the
advancing and receding contact angles). Previous studies reported the results
only of the static contact angle. These studies have considered super-hydrophobic
fabrics based essentially on the results of the static contact angle larger than 150°
(26). This has been reported not to be sufficient to guarantee a low sliding angle
for self-cleaning properties (26). Therefore, the main objective of this first phase
of the work is to create super-hydrophobic surface with very low contact angle
hysteresis.
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Experimental Section

Materials

Microscope slides from Fisher Scientific (Houston, TX) served as a control
substrate. Distilled water was deionized in a Milli-Q plus system from Millipore
(Billerica, MA) to reach final resistivity of 18.2 MΩ-cm.

The fabric used in this study was desized, scoured, and bleached 100%
cotton fabric obtained from Testfabrics, Inc. (West Pittiston, PA). The fabric
characteristics were as follows: 95 ends, 100 picks, yarn count of 36 x 40 Ne, and
a weight of 118.7 g/m2 (3.5 oz/yard2).

The chemicals used for all the treatments were: H2O, trimethyl aluminum
(Al(CH3)3), and (tridecafluoro-1,1,2,2,-tetrahydrooctyl)-trichlorosilane (FOTS).

Methods

Pre-Treatment

Microscope glass slides were first thoroughly washed with ethanol to remove
any surface contaminants. Both glass slides and cotton fabrics were subjected
to additional surface cleaning with N2 microwave plasma (PLASMAtech Inc
Erlanger, KY). Samples were exposed to N2-plasma for 120 s at 500 W (N2 flow
= 60 ml/min).

NVD and MVD Treatments

The system used for vapor phase deposition was a RPX-550 from Integrated
Surface Technologies (Menlo Park, CA). The system consists of 5 containers for
chemical reactants with independent controlled temperature, a vacuum pump, and
sample chamber. Inside the chamber there is a perforated plate to deliver the gases
over the samples. This configuration enhances the deposition of nanoparticles
on the substrate. N2 is used to transfer the reactants from the containers to the
chamber in vapor phase through heated delivery lines. The system chamber was
maintained at 55 °C during all the processes. The temperature of the chemical
containers was held at 40 °C and the transfer lines at 45 °C to avoid condensation.
Due to the low vapor pressure of FOTS, the container for this reactant was held
at 90 °C and the transfer line at 95 °C. The chamber was purged with N2 and
vacuumed to 0.13 mbar at the beginning of all processes. Three replications were
performed for each treatment and all samples were rinsed in distilled water and
were air-dried before any further testing.
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Nanoparticles Vapor Deposition of Al2O3 (NVD-Al2O3)

The NVD of Al2O3 was performed as follows: after the initial purging, TMA
vapor was added to the chamber to reach a pressure of 0.50 mbar. Subsequently,
water vapor (without any previous purging) was introduced to reach a pressure of
1.06 mbar. After 30 seconds of reaction, the chamber was evacuated and purged.
The process was repeated 4 times.

Nanoparticles Vapor Deposition of Al2O3 Followed by Molecular Vapor
Deposition of Bifunctional Trichlorosilane and Molecular Vapor Deposition of
(Tridecafluoro-1,1,2,2,-tetrahydrooctyl)-trichlorosilane (FOTS)

The NVD of Al2O3 process was performed first as detailed above. Then,
a chemical mixture of bifunctional trichlorosilanes (such as bis(trichlorosilyl)-
ethane, bis(trichlorosilyl)-butane, and bis(trichlorosilyl)-hexane) was introduced
in the chamber to reach a pressure of 0.37 mbar. After 5 s, water vapor was
introduced in the chamber to reach a pressure of 2.66 mbar. After 3 s, the chamber
was evacuated to 0.13 mbar. The purpose to add the bifunctional trichlorosilanes
blend was to increase the wear resistance of the Al2O3 nanoparticles coating. The
MVD of FOTS was performed as follows: after evacuating the chamber, water
vapor was introduced to reach a pressure of 0.11 mbar. Thereafter, the FOTS
vapor was introduced to reach a pressure of 0.18 mbar. The reaction was left to
take place for 300 s, then the chamber was purged and vented.

Characterization

Morphology of the Nanocoatings

Scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) were used to investigate the morphology of the coatings. SEM and
TEM images were acquired with S-3400N and H-7650 models (Hitachi
High-Technologies America, Pleasanton, CA) respectively. For the SEM images,
the samples were coated with gold. SEM images were recorded with the
secondary electrons detector at 5 kV accelerating voltage. For TEM experiments,
the coating on the glass slides containing aluminum oxide nanoparticles was
scratched off and a drop of water was placed on it and collected on a copper grid.
The drop was left to dry and images were taken.
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FTIR Analysis of the Nanocoatings

Fourier transform infrared (FTIR) spectra of the samples were recorded using
Spectrum-One equipped with a universal attenuated total reflectance (UATR)
device (Perkin Elmer, Waltham, MA). The UATR-FTIR was equipped with a
ZnSe-diamond crystal composite that allows the FTIR spectra collection without
any special sample preparation. The UATR accessory has a “pressure arm”,
which is used to apply a constant pressure to the samples positioned on top of
the crystal to ensure good contact between the crystal and the sample. FTIR
spectra were collected at a spectra resolution of 4 cm-1, with 32 accumulated
scans over the range from 4000 to 650 cm-1. The spectra were baseline-corrected
and normalized to the highest absorption peak. A background scan of the clean
crystal was acquired before scanning the samples.

Hydrophobic Properties Assessment

Contact angle measurements were performed with a FTA 1000 instrument
(First Ten Angstroms, Portsmouth, VA). For static and dynamic contact angles,
a drop between 5 and 8 µL of water was placed on the surfaces. A 26 gauge
needle was used for this purpose. A Laplace fit method was used to calculate
the contact angles. Advancing and receding contact angles were measured to
calculate contact angle hysteresis. In order to measure these angles, the needle
was brought close to the sample surface and the liquid rest was pumped out for 20
seconds until the drop reached a size of approximately 30 µl. After this volume
was reached, the liquidwas pumped in at the same rate until the drop detached from
the needle (hydrophobic) or the whole amount of liquid was back in the syringe
(super-hydrophobic).

Results and Discussion

Scanning Electron Microscopy and Transmission Electron Microscopy

To illustrate the surface roughness introduced by NVD of Al2O3, the SEM
micrographs of untreated and functionalized glass slides are shown in figures 1-a
and 1-b, respectively. The comparison of the twomicrographs indicates substantial
surface roughness of the functionalized glass slide. Figures 2-a and 2-b show SEM
micrographs of untreated and functionalized cotton fabric surfaces. The surface of
single cotton fibers appears rough compared to the untreated single cotton fiber.
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Figure 1. (a) SEM image of the untreated glass surface. (b) SEM image of the
functionalized glass surface with NVD of Al2O3.
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Figure 2. (a) SEM image of an untreated cotton fabric surface. (b) SEM image of
the functionalized cotton fabric surface.
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Figure 3 shows the TEM image of Al2O3 nanoparticles deposited on a
microscopy glass slide which was subjected to one cycle of NVD of Al2O3. To
perform TEM analysis, Al2O3 film deposited on the glass slide was scratched
and transferred to the TEM sample holder. The size of the particles deposited is
between 29.4 and 50.7 nm.

Figure 3. TEM image of Al2O3 nanoparticles deposited on a glass slide.

Fourier Transform Infrared Spectroscopy

The FTIR spectra of the untreated glass slide and the glass slide functionalized
with NVD of Al2O3 followed by MVD of FOTS are shown in figure 4. Several
additional peaks are present in the FTIR spectrum of the functionalized glass
slide. The vibration at 3425 cm-1 is attributed to OH groups, which could originate
from Al-OH groups. The vibration located at 1630 cm-1 is assigned to adsorbed
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water on OH hydroxyl groups through hydrogen bonding. The vibrations
located at 2920 and 2850 cm-1 are attributed to asymmetric and symmetric C-H
stretching, respectively, of the FOTS . The vibration located at 1239 cm-1 is C-F
stretching. The bands located at 1212 and 1145 cm-1 are attributed to asymmetric
and symmetric CF2 stretching, respectively (31), those at 878 and 705 cm-1 to
Al-O stretching and O-Al-O bending, respectively (32, 33). The presence of
these vibrations is indicative of the successful functionalization of the glass slide
substrate with NVD of Al2O3 and MVD of FOTS.

Figure 4. FTIR spectra of (a) a control glass slide and (b) a glass slide
functionalized with NVD of Al2O3 and MVD of FOTS.

The FTIR analysis of the functionalized cotton fabric with NVD of Al2O3
followed byMVDof FOTS shows the presence of additional peaks (Figure 5). The
most important bands are those located at 1239 cm-1 (attributed to C-F stretching),
1145 cm-1 (attributed to symmetric CF2 stretching), and 705 cm-1 (attributed to O-
Al-O bending). It is important to note that the intensities of the vibrations located
at 3335 and 1620 cm-1 are very high compared to the control. This indicates a high
amount of physisorbed H2O on the surface of the functionalized cotton fabric.
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Figure 5. FTIR spectra of (a) a control cotton fabric and (b) a cotton fabric
functionalized with NVD of Al2O3 and MVD of FOTS.

Dynamic Contact Angle Measurements

In this study, the Young’s equation was used to determine the contact angle,
θ, of the control and the functionalized surfaces. The Young’s equation states that
on a flat, smooth, and chemically heterogeneous surface the contact angle is given
by (34):

where γLV is the liquid-vapor surface tension, γSL and γSV are the solid-liquid
and solid vapor interfacial tensions, respectively (34). In general, when the static
water contact angle is below 90°, a surface is termed hydrophilic. However, when
the contact angle is between 90° and 150°, a surface is classified as hydrophobic.
A surface is called super-hydrophobic when the water contact angle is larger than
150°.

We consider only water contact angles here. The glass slide substrate with no
treatment has a static water contact angle of 18°, which is typical of a hydrophilic
surface. The functionalization of this substrate with NVD of Al2O3 followed
by MVD of bifunctional trichlorosilane and MVD of FOTS leads to a static
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water contact angle of 168°, which is typical of super-hydrophobic surface.
Previously, super-hydrophobic surfaces have been considered only based on the
criterion of static contact angles higher than 150°. The dynamic water contact
angle measurements give a good indication of the wettability of a surface. A
super-hydrophobic surface may have very high initial (static) contact angle.
However, over time the water can diffuse and wet the surface. The measurements
of the dynamic contact angles allow us only evaluation of the hydrophobicity of
a surface, but also determination of the contact angle hysteresis. Figure 6 shows
the dynamic contact angles of the control and the functionalized glass slide. The
control glass slide has an initial static water contact angle of 18°, which then
drops to 0 (the water wets the sample quickly). However, the functionalized glass
slide has a static water contact angle of 168°, which does not change with time.

Figure 6. Dynamic contact angle of the control and the functionalized glass slide.

Figure 7 shows the advancing and receding water contact angles of a
functionalized glass slide with NVD of Al2O3 followed by MVD of bifunctional
trichlorosilane and MVD of FOTS. As the volume of the sessile drop increases or
decreases, the advancing and receding angles remain the same. The advancing
contact angle (θa) is measured after the front of the settled drop has progressed,
while the receding contact angle (θr) is measured when the front has receded (35).
The hysteresis (H) is defined as the difference between the advancing contact
angle and the receding contact angle (H = θa - θr). The contact angle hysteresis of
the functionalized glass slide substrate is 1°. This low contact angle hysteresis
indicates that only small tilting angle is necessary to roll off the water droplet
from the surface of the glass substrate.
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Figure 7. Advancing and receding water contact angle of the functionalized
glass slide with NVD of Al2O3 followed by MVD of bifunctional trichlorosilane

and MVD of FOTS.

The dynamic water contact angle of the control and the functionalized cotton
fabric are shown in Figure 8. The control cotton fabric used in this study was
initially desized, scoured, and bleached. This fabric was completely hydrophilic
(contact angle = 0°). The static contact angle of the functionalized fabric is 161°.
The dynamic water contact angle of the functionalized cotton fabric did not show
any change. Measurements of the water contact angle performed after 20 min did
not show any significant change, the contact angle remained > 150°.

Figure 8. Dynamic contact angle of the control and the functionalized cotton
fabric.
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Advancing and receding water contact angles of functionalized cotton fabric
with NVD of Al2O3 followed by MVD of bifunctional trichlorosilane and MVD
of FOTS were also measured (Figure 9). The functionalization with Al2O3
followed by FOTS imparts super-hydrophobic properties on the cotton fabric.
The advancing contact angle is 161° and the receding contact angle is 160°. The
very low hysteresis (1°) allows rolling off water droplets at very low tilting angle.

Figure 9. Advancing and receding water contact angle of the cotton
fabric functionalized with NVD of Al2O3 followed by MVD of bifunctional

trichlorosilane and MVD of FOTS.

The determination of the contact angle hysteresis allows calculating the force
needed to start rolling off a drop of liquid sitting on the surface (28). The following
equation has been proposed (28):

where F is the critical line force per unit length of the drop perimeter, γLV is
the surface tension of the liquid. θA and θR are the advancing and receding contact
angles, respectively. For the functionalized slide substrate, the force calculated is
0.27 mN/m, while for the functionalized cotton fabric this force is 0.09 mN/m. For
these super-hydrophobic surfaces, a very small force is needed to roll off a droplet
of water.

Figure 10 shows a picture of a water droplet on the surface of functionalized
cotton fabric. The droplet has a static water contact angle of 161°. Dynamic
contact anglemeasurements show that the droplet does not diffuse inside the fibers.
This imparts very good super-hydrophobic properties to the cotton fabric.
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Figure 10. Picture of a water droplet on the functionalized cotton fabric surface.

Conclusions
The use of the nanoparticles vapor deposition method allowed us creating

a rough surface through the vapor phase reaction. The addition of a layer of
tridecafluoro-1,1,2,2,-tetrahydrooctyl)-trichlorosilane to the roughened surface
imparted super-hydrophobic properties on the cotton fabric. The glass slide in
this study was used as a control (flat surface). Very low contact angle hysteresis
was obtained which allows rolling off a water droplet at very low force and very
low tilting angles.

Acknowledgments
The authors would like to thank the Texas Department of Agriculture, Food

and Fibers Research Grant Program for providing the financial support for this
project (Project # FF-d-1011-03).

References
1. Ma,M.; Hill, R.M.Curr. Opin. Colloid Interface Sci. 2006, 11 (4), 193–202.
2. Khorasani, M. T.; Mirzadeh, H.; Kermani, Z. Appl. Surf. Sci. 2005, 242

(3−4), 339–345.
3. Sun, M.; Luo, C. L.; Xu, H.; Ji, Q.; Ouyang, D. Yu; Chen, Y. Langmuir 2005,

21 (19), 8978–8981.
4. Oner, D.; McCarthy, T. J. Langmuir 2000, 16 (20), 7777–7782.
5. Liu, Y. H.; Wang, X. K.; Luo, J. B.; Lu, X. C. Appl. Surf. Sci. 2009, 255

(23), 9430–9438.
6. Hsieh, C.-T.; Cheng, Y.-S.; Hsu, S.-M.; Lin, J.-Y. Appl. Surf. Sci. 2010, 256

(16), 4867–4872.

163

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
A

ug
us

t 2
8,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 A

ug
us

t 1
7,

 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

10
7.

ch
00

8

In Functional Materials from Renewable Sources; Liebner, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



7. Di Mundo, R.; De Benedictis, V.; Palumbo, F.; d’Agostino, R. Appl. Surf.
Sci. 2009, 255 (10), 5461–5465.

8. Favia, P.; Cicala, G.; Milella, A.; Palumbo, F.; Rossini, P.; d’Agostino, R.
Surf. Coat. Technol. 2003, 169-170, 609–612.

9. Kulinich, S. A.; Farzaneh, M. Vacuum 2005, 79 (3-4), 255–264.
10. Liu, D.; Li, W.; Feng, Z.; Tan, X.; Chen, B.; Niu, J.; Liu, Y. Surf. Coat.

Technol. 2009, 203 (9), 1231–1236.
11. Mayer, T. M.; de Boer, M. P.; Shinn, N. D.; Clews, P. J.; Michalske, T. A.

J. Vac. Sci. Technol., B: Microelectron. Process. Phenom. 2000, 18 (5),
2433–2440.

12. Gates, S. M. Chem. Rev. 1996, 96 (4), 1519–1532.
13. Nakajima, A.; Hashimoto, K.; Watanabe, T. Monatsh. Chem. 2001, 132 (1),

31–41.
14. George, S. M. Chem. Rev. 2009, 110 (1), 111–131.
15. Herrmann, C. F.; DelRio, F. W.; Bright, V. M.; George, S. M. J. Micromech.

Microeng. 2005, 15 (5), 984–992.
16. Hyde, G. K.; Park, K. J.; Stewart, S. M.; Hinestroza, J. P.; Parsons, G. N.

Langmuir 2007, 23 (19), 9844–9849.
17. Peng, Q.; Sun, X. Y.; Spagnola, J. C.; Hyde, G. K.; Spontak, R. J.; Parsons, G.

N. Nano Lett. 2007, 7 (3), 719–722.
18. Jur, J. S.; Weet, W. J. S; Oldham, C. J.; Parsons, G. N. Adv. Funct. Mater.

2011, 21 (11), 1993–2002.
19. Hyde, G. K.; Scarel, G.; Spagnola, J. C.; Peng, Q.; Lee, K.; Gong, B.;

Roberts, K. G; Roth, K. M.; Hanson, C. A.; Devine, C. K.; Stewart, S.
M.; Hojo, D.; Na, J. S.; Jur, J. S.; Parsons, G. N. Langmuir 2010, 26 (4),
2550–2558.

20. Hyde, K.; Dong, H.; Hinestroza, J. P. Cellulose 2007, 14 (6), 615–623.
21. Decher, G. Science 1997, 277 (5330), 1232–1237.
22. Lvov, Y.; Ariga, K.; Onda, M.; Ichinose, I.; Kunitake, T. Colloids Surf., A

1999, 146 (1−3), 337–346.
23. de Villiers, M. M.; Otto, D. P.; Strydom, S. J.; Lvov, Y. M. Adv. Drug

Delivery Rev. 2011, 63 (9), 701–715.
24. Lvov, Y.; Price, R.; Gaber, B.; Ichinose, I. Colloids Surf., A 2002, 198,

375–382.
25. Wagberg, L.; Forsberg, S.; Johansson, A.; Juntti, P. J. Pulp Pap. Sci. 2002,

28 (7), 222–228.
26. Zhao, Y.; Tang, Y. W.; Wang, X. G.; Lin, T. Appl. Surf. Sci. 2010, 256 (22),

6736–6742.
27. Dillon, A. C.; Ott, A. W.; Way, J. D.; George, S. M. Surf. Sci. 1995, 322

(1−3), 230–242.
28. Chen, W.; Fadeev, A. Y.; Hsieh, M. C.; Öner, D.; Youngblood, J.;

McCarthy, T. J. Langmuir 1999, 15 (10), 3395–3399.
29. Wenzel, R. N. Ind. Eng. Chem. 1936, 28 (8), 988–994.
30. Ogawa, K.; Soga, M.; Takada, Y.; Nakayama, I. Jpn. J. Appl. Phys., Part 2

1993, 32 (4B), L614–L615.
31. Kim, S. H.; Kim, J.-H.; Kang, B.-K.; Uhm, H. S. Langmuir 2005, 21 (26),

12213–12217.

164

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
A

ug
us

t 2
8,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 A

ug
us

t 1
7,

 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

10
7.

ch
00

8

In Functional Materials from Renewable Sources; Liebner, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



32. Chowdhuri, A. R.; Takoudis, C. G.; Klie, R. F.; Browning, N. D. Appl. Phys.
Lett. 2002, 80 (22), 4241–4243.

33. Catherine, Y.; Talebian, A. J. Electron. Mater. 1988, 17 (2), 127–134.
34. McHale, G.; Shirtcliffe, N. J.; Newton, M. I. Langmuir 2004, 20 (23),

10146–10149.
35. Chibowski, E.; Ontiveros-Ortega, A.; Perea-Carpio, R. J. Adhes. Sci.

Technol. 2002, 16 (10), 1367–1404.

165

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
A

ug
us

t 2
8,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 A

ug
us

t 1
7,

 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

10
7.

ch
00

8

In Functional Materials from Renewable Sources; Liebner, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Chapter 9

Production of Dissolving Grade Pulps from
Wood and Non-Wood Paper-Grade Pulps by
Enzymatic and Chemical Pretreatments

Dongfang Li, David Ibarra, Viviana Köpcke, and Monica Ek*

Department of Fiber and Polymer Technology,
KTH Royal Institute of Technology, Teknikringen 56-58,

SE 10044 Stockholm, Sweden
*E-mail: monicaek@kth.se

A raw material with high cellulose content and low content
of hemicelluloses, residual lignin, extractives and minerals is
required for many important applications in the pharmaceutical,
textile, food and paint industries i.e. cotton and dissolving
grade pulp are used. However, the high costs for the production
of dissolving grade pulps has triggered interest in upgrading
paper-grade pulps into dissolving pulps by selective removal
of hemicelluloses and subsequent activation of the pulps.
This study reports the feasibility to produce dissolving grade
pulps from different wood and non-wood paper-grade pulps
employing enzymatic and chemical pre-treatments. The results
were compared to those of commercial bleached dissolving
pulps.

Introduction

The application of regenerated cellulose and cellulose derivatives in
pharmaceutical, textile, food, and painting industries results from their specific
solubilities, flexibility, and softness. Cellulose, as a raw material, is thought
to be nearly inexhaustible in nature, with prominent environmentally friendly
and biocompatible properties compared with petroleum-based products (1).
Cellulose can be used to produce a number of derivatives, including esters and
ethers. Regenerated cellulose is produced in largest amount through viscose
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processes and sometimes through the precipitation of dissolved cellulose from
N-methylmorpholine-N-oxide monohydrate (NMMO) (Lyocell process) (2).

To make products with high quality and homogeneity in a way that can
compete with fossil-based products, raw materials with high purity, reactivity
and consummate quality control during manufacture are required. Moreover,
the recovery of processing chemicals, reagents, and the exploration of suitable
purification methods are still difficulties that hamper the production of cellulosic
materials in completely replacing fossil fuel-based products.

The starting material for producing the regenerated cellulose and cellulose
derivatives is normally dissolving pulp, due to the high purity and reactivity of
cellulose. Since the 2000s, the world’s demand for dissolving pulp has increased,
resulting in a continual and dramatic rise in its price from 300 USD in the 1970s
to 1900 USD currently (3). To obtain the highest profits, industries need to
find a less expensive alternative as a starting material, acknowledging that this
replacement must fulfill certain requirements, such as a high purity of cellulose, a
high reactivity, and a suitable degree of polymerization (DP).

Cotton has been used for decades as pure cellulose for the manufacture of
cellulose derivatives and products. However, the consumption of cotton has been
increasing significantly as a result of heavy needs in textile industries. In addition,
the cultivation of cotton requires more water and pesticides than that of trees,
which causes problems for the environment (4).

The viscose process was introduced in the 1900s, and it has been developed
and applied in modern-day uses despite the fact that the use of carbon disulfide in
production flow is a significant disadvantage. For the production of regenerated
cellulose, Baksheev and Butyagin (5) reported a decrease in the world production
of cellulose fibers in 1997. However, viscose fiber production and consumption
has increased in a larger increment than forecasted. Cellulose fibers, mainly rayon,
produced by the viscose process play an important role in textile industries. In
addition, it is also used in feminine hygiene products, baby wipes, computer disk
liners and surgical swabs (6).

This chapter will focus on the optimization of regenerated cellulose for the
conventional viscose process.

Cellulose Structure in Different Levels

Cellulose is the main component of plant cell walls (7). The content of
cellulose in wood varies according to tree species, growing conditions and age;
however, most wood species are composed of 40–47% cellulose, and non-wood
plant species contain 60–70%. One of the purest sources of cellulose that can be
found in nature is cotton, which consists of more than 95% cellulose (8).

Cellulose has many interesting properties, including high strength, water
insolubility, resistance towards chemical derivatization, and a remarkable
efficiency of interaction with aromatic compounds (7). These properties make
cellulose valuable for many applications. For many applications, such as paper,
textiles, pharmaceuticals, membranes, polymers, and paints, cellulose must be
isolated from accompanying raw materials, and for some products it has to be
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converted into derivatives. Nevertheless, there are several obstacles arising from
cellulose’s structure that hinder these processes due to the limited accessibility
and reactivity of native cellulose (9).

The structure of cellulose is complex and has not yet been completely
elucidated. Generally, this structure can be considered from three levels: the
molecular level, the supramolecular level, and the morphological level.

Cellulose consists of straight and non-branched polymer chains (Figure
1). The average degree of polymerization (DP) of a cellulose molecule is
approximately 10.000 in natural wood and 15.000 in cotton (10).

Figure 1. Cellulose structure at the molecular level.

Each glucose unit in a cellulose molecule has the chair formation 4C1 and
contains three hydroxyl groups in equatorial positions that form intramolecular
hydrogen bonds that are responsible for its high rigidity. At the supramolecular
level, the intermolecular bonds are constructed between adjoining cellulose
molecules, which gives cellulose its insolubility in water and its stable
conformation. Consequently, aggregated molecules are assembled through
hydrogen bonds, covalent bonds, and van der Waals forces into microfibrils
containing the crystalline regions (11). However, cellulose consists not only of
highly-ordered crystallites, but also of more disturbed regions with a lower degree
of order (amorphous or non-crystalline cellulose). Moreover, the crystalline and
amorphous states are not the only two possible states of order; there are also other
structures, such as intermediate or para-crystalline states (12, 13).

Different polymorphs of cellulose have been identified (cellulose Iα, Iβ, II,
IIII, IIIII, IVI, and IVII) with the help of analytical techniques, such as 13C cross
polarization/magic angle spinning nuclear magnetic resonance (13C CP/MAS
NMR), infrared spectroscopy (IR), and diffraction analysis (14, 15). These
polymorphs present different physical properties, such as density, solubility, and
optical properties (7).

Generally, cellulose I is the native form of cellulose, and this polymorph
can be converted into cellulose II by either regeneration or mercerization with
concentrated alkaline solutions. Cellulose Iα is normally found in primitive
organisms, such as bacteria and algae, while cellulose Iβ is produced in higher
plants, such as cotton and wood. Cellulose Iα and cellulose Iβ have different
hydrogen bonding patterns. Moreover, cellulose Iα has been reported to have
higher reactivity in comparison with cellulose Iβ. (11).

Cellulose II can be generated from cellulose I by either mercerization or
regeneration. In the process of mercerization, cellulose is first submitted to
alkalization, where it swells in a strong alkali solution (18% NaOH). In this

169

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
A

ug
us

t 2
8,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 A

ug
us

t 1
7,

 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

10
7.

ch
00

9

In Functional Materials from Renewable Sources; Liebner, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



step, the strong inter- and intramolecular bonds among cellulose molecules are
partially broken and alkali cellulose is produced. This process is terminated
by neutralization to remove the alkali and generate cellulose II. Additionally,
cellulose can also be regenerated from various solutions, such as acids, chelating
agents, organic solvents, and ionic liquids, to generate cellulose II. The method
of regeneration was described to exhibit higher efficiency in the conversion of
cellulose I to cellulose II when compared with the mercerization method (16).

In addition to crystalline cellulose, less ordered or non-crystalline cellulose is
also of great interest (12, 13). A two-phase model of cellulose (highly ordered and
less ordered regions) was developed in the late 1950s, and the theorywas supported
by X-ray diffraction patterns (17, 18). In 1982, it was discovered that solid state
13C CP/MAS NMR can comprehensively elucidate the cellulose crystallinities of
different samples (19).

Figure 2. The deconvolution of 13C CP/MAS NMR spectra of cellulose I in the
C4 region with Paracryst.=paracrystalline cellulose, IAFS=inaccessible fibril
surfaces, AFS=accessible fibril surfaces. (Reproduced with permission from

reference (12). Copyright 1997.)

The complicated structure of cellulose results in high analytical complexity.
For example, the 13C CP/MAS NMR spectrum is very intricate due to overlapping
signals that belong to different conformations. For this reason, a deconvolution
method was developed to separate and elucidate those signals in the C4 region of
the spectra (Figure 2) so that the different cellulose forms found in the fibril could
be quantified.

In the analysis of cellulose morphology with X-ray diffraction, light areas
in the diffractogram were attributed to crystalline cellulose and dark areas were
attributed to non-crystalline cellulose (20). However, to date, it remains difficult
to define the limit between crystalline and non-crystalline cellulose due to the
additional occurrence of paracrystallinity, shown by Larsson’s and Wickholm’s
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models, where the fibrils were thought to be uniform (Figure 3). It is worth to
mention that these models are different from Hearle’s, which is a structure model
containing non-uniform fringed fibrils and more voluminous non-crystalline
regions (17).

Figure 3. The model for the fibril aggregates (left) and cellulose fibrils (right)
with IC=inner crystalline cellulose, Paracryst.=paracrystalline cellulose,

IAFS=inaccessible fibril surfaces, AFS=accessible fibril surfaces. (Reproduced
with permission from reference (12). Copyright 1997.)

Cellulose Accessibility and Reactivity
As mentioned above, due to the compact and complex structure of cellulose,

its accessibility to chemicals and solvents is restricted. In fact, Krässig (21) has
demonstrated that the accessibility and reactivity of cellulose depend strongly on
the cellulose structure and morphology. Fahmy and Mobarak (22) also suggested
that cellulose reactivity depends more on the disintegration of fibril aggregates
than on crystallinity.

The arrangement of cellulose chains in fibrils and fibril aggregates is
not uniform, and this creates two morphologically different regions from the
superfibrillar level point of view, including highly ordered (crystalline) and less
ordered (semi-crystalline or even amorphous) regions. It has been suggested that
the less ordered cellulose regions tend to be located on the fibril surface or on the
amorphous position in fibrils (12). The accessibility of crystalline cellulose to
chemicals or other reagents is limited. The ordered regions with high crystallinity
that are packed tightly together in fibrils and aggregates are normally hard to
access, while the less ordered or amorphous regions located on fibril surfaces can
be reached more readily (23).

In both native and artificial cellulose, the random arrangement of cellulose
fibrils creates differences in size and amount of free volume elements throughout
the network, which also defines the accessibility of cellulose. Moreover, the
accessibility of cellulose is affected by the size of the chemicals and reagents (24).
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Larger biological reagents, such as enzymes, might be blocked from reaching
the fibrils due to their size (25). In addition to the structure of cellulose (at the
molecular level), the number of accessible hydroxyl groups also affects cellulose’s
overall accessibility. Consequently, expansion of pores or spaces among cellulose
fibrils and the modification of cellulose structures to expose more reachable
regions and functional groups are of great importance in increasing cellulose’s
accessibility (21).

Previous studies have reported several ways of increasing cellulose’s
accessibility and reactivity. These techniques have focused mainly on chemical
degradation (such as hydrolysis and oxidation of raw materials), thermal
degradation, mechanical treatments (such as wet/dry milling), and on the swelling
of cellulosic materials through the breakage of interfibrillar and intrafibrillar
bonds to expose more active surface areas (21). The mixing of cellulose and
sodium hydroxide to form alkali cellulose is a typical example of water-based
swelling techniques (26). Kunze and Fink (27) described another method
based on the combination of sodium hydroxide and urea. One promising
method in development uses a relatively new family of solvents, ionic liquids,
to increase cellulose’s accessibility and reactivity by reassembling cellulose’s
inner structure (28). In addition, the enzymatic treatment of various cellulose
materials has recently gained increased attention. Köpcke et al. reported the
use of mono-component endoglucanases to increase the reactivity of various
paper-grade and dissolving grade pulps (9). This method of improving cellulose’s
accessibility and reactivity has clear advantages because enzymes are selective,
non-toxic and environmentally friendly.

However, the improvement of the cellulose’s accessibility and reactivity may
be negatively affected by the hornification effect, especially for dried cellulose
materials such as pulp sheets (25). Hornification is caused by the removal of
water during the drying of cellulose, causing the formation of new hydrogen
bonds between the fibrils and an irreversible shrinking of internal space. This
results in decrease of pore size and conversion of accessible regions of the
structure into inaccessible ones (29, 30). The existence of hemicelluloses in
cellulose-based materials may help to reduce hornification (31). Nevertheless,
for certain production needs, such as the manufacture of dissolving grade pulps,
hemicelluloses must be substantially decreased or totally removed. In this case,
hornification becomes a significant issue.

Enzymes Used for Activation of Cellulose

The increased application of enzymes in various industries is stimulated by
the need to decrease environmental impacts. Enzymes present many advantages,
such as high performance, high selectivity on substrates, and little to no toxicity
compared with conventional chemical reagents.

Enzymes can be used to improve cellulose’s accessibility (25). These enzymes
include cellulases and hemicellulases. Under certain conditions, cellulases
catalyze the hydrolysis of the 1-4-glucosidic bond between two adjacent glucose
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units. These cellulases include endoglucanases (EC.3.2.1.4), cellobiohydrolases
or exoglucanases (EC. 3.2.1.91), and glucosidases (EC.3.2.1.21) (Figure 4).

Endoglucanases (EG) are a type of enzyme that catalyzes the random
hydrolysis of glucosidic bonds in cellulose chains in the less ordered or amorphous
regions, generating shorter chains with lower degrees of polymerization or
even oligosaccharides. Among these EGs, the endoglucanase derived from
Humicola insolens has been reported to be the most active toward many cellulose
derivatives, as it reacts specifically with cellulose and prefers to attack the
amorphous region (32, 33). Engström et al. (34), Henriksson et al. (35) and
Ibarra et al. (36) have reported the high efficiency of this enzyme in improving
the cellulose reactivity of dissolving pulps. In the same way, Ibarra et al. (25, 37),
Köpcke et al. (38–40), Li (41), and Najar (42) have used both mono-component
endoglucanase and xylanase enzymes together with alkaline treatments to
improve the cellulose reactivity of several raw materials, including both wood and
non-wood paper-grade pulps. The potential of converting paper-grade pulps into
dissolving grade pulps for viscose processes was also described in these studies.

The catalysis reaction of exoglucanase, however, occurs at the reducing and
non-reducing ends of cellulose chains through the so-called “peeling” mechanism.
It has been reported that this type of cellulase can also degrade microcrystalline
cellulose (43). The product from the hydrolysis is mainly cellobiose, which can be
further hydrolyzed into glucose units with the help of glucosidase (44). Cellulases
can be used individually or cooperatively with other enzymes for different needs.

The catalytic domain determines the catalyst function of cellulases.
Differences in shape among the catalytic domains distinguish cellulases and
give them specific properties. The “cleft-shaped” hydrolysis functional region is
specific for endoglucanases, while exoglucanases have a “tunnel-shaped” domain
that helps them react with the ends of cellulose molecules. Some cellulases
possess a second domain, called the cellulose-binding domain (CBD), which
works as a “hand” to catch the substrate, thereby facilitating binding to the
cellulose molecules. Ibarra et al. have reported that endoglucanases with CBDs
are the most effective endoglucanase enzymes for increasing cellulose’s reactivity
(36). The catalytic domain and the cellulose-binding domain are connected
through an inter-domain linker (45).

Figure 4. Types of cellulases: A: endoglucanases without cellulose-binding
domain; B: endoglucanases with cellulose-binding domain; C and D:

cellobiohydrolases. E: glucosidases.
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The mechanism of the activation of cellulose by enzymes has yet to be fully
elucidated. One hypothesis states that endoglucanase-catalyzed hydrolysis causes
breakage of glucosidic bonds in less ordered regions, which are located between
and on the surface of fibrils. This process enhances the separation of the fibrils
from one another, increasing the inner space between them. Consequently, the
accessible areas of cellulose are available for the reaction with chemicals and
other reagents, improving cellulose’s reactivity (35). Nevertheless, the effects of
hydrolysis are influenced by other factors, such as the crystallinity, the specific
surface area and the degree of polymerization of cellulose (46).

In enzymatic treatments, the incubation time, temperature, and pH value are
three parameters that directly affect the improvement of cellulose’s accessibility
and reactivity. It is difficult to find the most suitable conditions for certain
types of enzymes with a particular substrate to obtain the best performance (25,
36–42). It is notable that for different types of substrates and sizes of cellulases,
the efficiency of their function may be different. It has been described, for
example, that cellulose reactivity could be improved to only a certain level
with an endoglucanase treatment. Beyond this level, the reactivity could not
be further improved, irrespective of how the conditions and doses of enzymes
were changed. Ibarra et al. (25) demonstrated that the existence of higher
content of hemicelluloses in raw materials negatively affected the efficiency of
endoglucanases, as they might work as a barrier to hinder the enzyme’s ability to
connect with the accessible cellulose substrates.

To increase cellulose reactivity, xylanases are used to catalyze the hydrolysis
of long xylan chains into shorter chains. Köpcke et al. (38) reported the usage
of an endoxylanase from a genetically modified Bacillus species in combination
with an endoglucanase for the treatment of wood pulps. The results showed
that the xylanase worked effectively to remove the xylan that may block the
reaction between endoglucanase and cellulose, significantly improving cellulose’s
reactivity. However, it is worth noting that the size of pores among fibrils and
the portion of accessible areas of hemicellulose may influence the function of
xylanases through a mechanism similar to that which was previously described
for cellulases (25).

Reactivity Measurements

The reactivity of cellulose is theoretically dominated by the three reactive
hydroxyl groups (C2, C3, C6) of each glucose unit (9). However, as mentioned
above, cellulose reactivity depends highly on the accessibility of the cellulose.
There are several methods that can be used to determine cellulose reactivity.
Among them, the Fock method (47) is usually applied (25, 36–42) for determining
reactivity for fibers to be used in the viscose process. This method is a lab-scale
simulation of the viscose process that uses cellulose in the reaction with carbon
disulfide after swelling in sodium hydroxide solution. The dissolved cellulose is
then regenerated with diluted sulfuric acid and oxidized by concentrated sulfuric
acid and potassium dichromate. The reactivity of cellulose (in percentage) is
calculated by measuring the amount of thiosulfate used to titrate the iodine
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formed by the oxidation of iodide with the remaining dichromate. In addition,
there are several other methods that are commonly used for the determination of
cellulose reactivity. Hopner et al. introduced the oldest method, determination
of the water retention value, in 1955 (48), and Nelson et al. (49) reported a
method called “iodine sorption analysis” in 1970. Spectroscopic methods, such
as FT Raman spectroscopy and 31P NMR spectroscopy, can also be applied for
the measurement of reactivity (50, 51). In 2002, Christoffersson et al. reported a
method of determination that is carried out by calculating the viscose filter value
(52).

Dissolving Grade Pulp

Unlike paper-grade pulp, dissolving grade pulp has a low amount of
hemicelluloses, lignin, extractives and minerals (less than 10% in total) and
contains much higher amounts of cellulose (over 90%). In addition, compared
with paper pulp, dissolving pulp exhibits higher brightness and more uniform
molecular weight distributions. The high cellulose content of dissolving pulp
makes it suitable for the manufacture of regenerated celluloses, such as rayon,
and for cellulose derivatives.

Acidic sulfite pulping and prehydrolysis kraft pulping are the main processes
used for manufacturing dissolving grade pulp. The former is applied in
approximately 65% of the total production and the latter takes approximately
25% of the production worldwide (53). Organosolv pulping is another promising
method for the manufacture of dissolving pulps, and it has been reported to
be more environmentally friendly because the process is sulfur-free, producing
dissolving pulp with higher strengths than that produced by conventional
techniques. However, the high expenses and low reactivity of some product
celluloses limit the generalization of organosolv pulping into larger production
(54, 55).

To produce regenerated cellulose and cellulose derivatives, one of the
most important parameters of dissolving pulp is the processability, which is
characterized by cellulose reactivity. High reactivity helps to lower the demand
for processing chemicals during both the derivation and the regeneration of
cellulose, reducing environmental impact. More importantly, it ensures the
homogeneity and quality of final products (37). As mentioned above, cellulose
reactivity depends on its accessibility to chemicals, where the accessibility is
affected by several factors, including the content of hemicelluloses. Therefore,
a dissolving pulp should maintain low levels of hemicelluloses (2–4%). The
presence of hemicelluloses decreases the cellulose processability, especially
during xanthation in the viscose process, affecting the quality of the end products
(56). However, the concept that hemicelluloses are impurities and must be
removed causes, as a consequence, a relatively low yield compared to common
kraft pulping, making the manufacture of these pulps a costly process (57).

Concerning the reactivity, it has been reported that the commercially
available (dried) hardwood and softwood dissolving pulps possess cellulose
reactivities, according to the Fock method, of 65% and 70%, respectively (36).
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Henriksson et al., Engström et al., and Ibarra et al. have reported the activation of
commercial dissolving pulp through enzymatic treatment by a CBD-containing
mono-component endoglucanase. Ibarra et al. has demonstrated that the reactivity
of both hardwood and softwood dissolving pulp could reach 85% according to
the Fock method after treatment with a relatively low dose of 30 ECU/g (ECU:
endocellulase units - one unit of endocellulase is defined as the amount of enzyme
needed to release 1 μmol of glucose per min under the given reaction conditions).
This result would be a consequence of the swelling of cellulose fibrils and the
reduction of cellulose II (36). Engström et al. have reported that for dissolving
pulp that has never been dried, the cellulose reactivity could be elevated to 100%
according to the Fock method with a short reaction time with a lower enzyme
dose of 27 ECU/g (34). The limited accessibility of the dried dissolving pulp
compared with the never-dried pulp arises from the hornification effect that was
discussed above.

Viscosity is another important parameter to be considered in the production of
dissolving pulps, as it can determine the quality of the final product. For example,
the viscosity of dissolving pulp should be in the range of 200–300 dm3/kg to
produce viscose rayon of high quality (38). Engström et al. (34) and Ibarra et
al. (36) have reported a decrease of viscosity in the dissolving pulp after the
endoglucanase treatment. This results from the enzyme helping to cleave the
cellulose polymer by catalyzing the hydrolysis of less ordered regions within the
fibrils, a theory that is supported by the lower degree of polymerization that was
obtained and the relatively smoother surface of cellulose fibers that was observed
by scanning electron microscopy (SEM). Moreover, Engström et al., Ibarra et al.,
and Köpcke et al. have also demonstrated that the increase in cellulose reactivity
is not directly related to the decrease in viscosity (38).

The Production of Regenerated Cellulose

Regenerated cellulose is mainly produced by the viscose process. One of the
most important steps during the production of viscose fibers is the formation of
cellulose xanthate, in which alkali cellulose reacts with carbon disulfide (CS2). To
obtain a homogeneous product of high quality, the homogeneity and filterability of
the viscose upon regeneration in the acid bathmust be ensured. This step, however,
depends on the solubility of cellulose xanthate in aqueous sodium hydroxide. An
easy way to maximize the solubility of cellulose xanthate is to increase the amount
of CS2 in the reaction with alkali cellulose. However, CS2 is a reagent with a
well-known and high toxicity in humans and in the environment. It has been
reported that the emission of pollutants into the surroundings can arise from CS2
used in many ways during the viscose process (6). For humans, carbon disulfide
has been described to be a risk factor for many illnesses (58). As a result, it is
important to develop new means to decrease the use of this reagent. One possible
way to achieve this goal is to find alternatives that effectively dissolve cellulose,
of which the dissolution of cellulose in NMMO is an example. In this process,
cellulose is directly dissolved in an NMMO/water mixture and regenerated into
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filaments through spinning. The cellulose filaments produced by this method are
called Lyocell fibers. Similar to rayon, Lyocell fiber is mostly used in textiles (2).

High loop tenacity is one of the advantages of Lyocell. More importantly, the
production of Lyocell is more environmentally friendly due to the absence of CS2.
However, several studies have described problems with this method, including
the fibrillation tendency of Lyocell fibers, side reactions and the yellowing of end
products caused by chromophores that were generated during production (59).
These issues hamper the application of Lyocell fibers in textile industries over the
use of viscose rayon (60).

Another alternative is to dissolve cellulose in ionic liquids (ILs). These
liquids, containing both cations and anions, are a relatively new family of
non-volatile solvents. They are normally found in the liquid state at room
temperature because of the low melting temperature (below 100°C). Swatloski et
al. (61) have reported that ILs are convenient and inert solvents for lignocellulosic
materials. ILs are claimed to be green solvents (62, 63). Cellulose dissolved
in ILs can be regenerated with common anti-solvents, such as water, ethanol,
or acetone, which makes the precipitation and the production of regenerated
cellulose in many forms, such as powder, tube, fiber, and film, relatively facile
(61). However, several problems of using ILs have been described, as the
complete removal of ILs from regenerated cellulose and the control of the DP of
the final product remain challenging (64, 65).

Consequently, to date, the viscose process continues to dominate the
production of regenerated cellulose, leaving the use of CS2 as a cumbersome
issue. As discussed above, the accessibility of cellulose to chemicals is limited,
especially for paper-grade pulps. Their correspondingly lower accessibility and
lower reactivity compared to dissolving pulp makes these pulps difficult to be
used as a starting material for producing regenerated cellulose. However, the
higher costs arising from dissolving pulp and overcharging of CS2 remain a
problem. Thus, to decrease the amount of CS2 needed during the production, to
increase quality and homogeneity of the end product, and to save costs, several
studies have been conducted to modify cellulose for better accessibility and
reactivity, including activation of traditional dissolving grade pulps and upgrading
of paper-grade pulps into dissolving grade pulps (25, 36–42).

Upgrading Paper-Grade Pulps into Dissolving Grade Pulps

The conversion of paper-grade pulps into dissolving grade pulps aims
at increasing the cellulose´s accessibility and reactivity, controlling the DP,
and decreasing the amount of hemicelluloses. As mentioned earlier, the low
yield resulting from the removal of hemicelluloses and the relatively strict
demands on storage and transportation elevate the price of dissolving grade
pulp. Consequently, upgrading a relatively cheaper material, such as paper-grade
pulps, through a cost-effective and industrially friendly way to meet worldwide
production demands has become an attractive topic for researchers pulps (25,
36–42).
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Several studies have focused on the modification of carbohydrate
compositions in pulps, as hemicelluloses are considered to be impurities in this
circumstance. Other studies have tried to develop new methods for controlling
carbohydrate composition, including nitren and cuen extraction, alkaline
extraction and enzymatic treatments (66–70). Others have worked to change
cellulose’s structure with chemical treatments. Stephens, for example (71), has
reported a method of swelling kraft pulp in aqueous suspensions to decrease
the DP of cellulose and increase cellulose’s accessibility, upgrading the original
material into dissolving pulp.

Other authors have described series of conversions that transform paper-grade
pulp from both wood and non-wood materials into dissolving pulp through
combined procedures based on alkaline treatment and enzymatic treatment
(25, 37–42). The effect of these treatments on various paper-grade pulps was
determined by measuring the cellulose reactivity according to the Fock method,
the pulp viscosity, carbohydrate composition, molecular weight distribution,
morphology and supramolecular structure. Based on the use of mono-component
endoglucanases as effective reagents to increase the accessibility and reactivity
and to decrease the viscosity of both hardwood and softwood dissolving pulps,
EGs were used in the conversion of paper-grade pulps to dissolving pulps.

CBD-containing mono-component endoglucanases, such as Novozyme 476
(N476), have shown a strong potential as activating reagents for paper-grade
pulps. Two common hardwood paper-grade pulps derived from birch and
eucalyptus possess much higher cellulose reactivities according to the Fock
method after treatment with N476. Initially, the pulps presented a cellulose
reactivity of 40% and 36%, respectively. After treatment, values of approximately
60% were observed. In addition, the viscosity decreased significantly from
approximately 700 and 800 dm3/kg to approximately 500 and 700 dm3/kg,
respectively (Figure 5), as a result of the cleavage of cellulose chains aided by the
endoglucanase. It is also worth noting that the most significant effects occurred
at low enzyme doses, approximately 50 ECU/g dry weight pulp, though further
increases were observed up to an enzyme load of 250 ECU/g dry weight pulp.

For a paper-grade pulp from softwood (amixture of spruce and pine), a similar
trend was observed (Figure 6). The initial cellulose reactivity was elevated from
approximately 50% to above 70% according to the Fock method, which is close to
that of a commercial dissolving pulp (36). The strongest enhancement of reactivity
occurred at enzyme doses of approximately 50 ECU/g dry weight pulp.

The effect of the endoglucanase on non-wood paper-grade pulps was also
reported. The behavior of these materials was similar to that of wood pulps,
especially for sisal pulps. For this pulp, the cellulose reactivity was significantly
improved from 36% to approximately 60% by the enzymatic treatment. For other
samples, the endoglucanase failed to raise cellulose reactivity to this level. The
enzyme did not affect the reactivities of some non-wood pulps, including flax and
hemp. The effect on the viscosity, however, was higher for abaca and flax. For the
sisal pulp, no significant change in the viscosity was observed (Figure 7). These
results imply that there is no direct correlation between the decrease in viscosity
and the increase in cellulose reactivity (34).
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Figure 5. Fock’s reactivity (up) and viscosity (down) of birch and eucalyptus
paper-grade pulps as a function of enzyme dose and comparison with commercial
hardwood dissolving pulp (CHDP). (Reproduced with permission from reference

(38). Copyright 2008.)
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Figure 6. Fock’s reactivity of softwood paper-grade pulp as a function of enzyme
dose and comparison with commercial softwood dissolving pulp (CSDP).

The reaction time of the enzymatic treatment was also reported to be an
important factor that influenced the efficiency of the treatment. For hardwood,
softwood, and non-wood paper-grade pulps, the optimal reaction time for
endoglucanase treatment was found to be 1 h (37, 38, 41).

However, from these studies, the cellulose reactivity of different paper-grade
pulps could not be further improved after the enzyme dose reached a certain
point. The hemicelluloses that cover or precipitate on the surface of cellulose
might limit its accessibility. To further enhance the cellulose reactivity and meet
the requirements for use as dissolving grade pulps, the content of hemicelluloses
within these paper-grade pulps must be lowered. Hemicellulase treatment is
thought to be an effective and selective way for removing hemicelluloses. Köpcke
et al. reported several trials using a xylanase treatment on paper-grade pulps from
birch, eucalyptus, and sisal (25, 37, 38). The results showed that the contents
of xylan, which was the main hemicellulose in these pulps, all significantly
decreased to 13–14% (based on the carbohydrate analysis result) after treatment
using an enzyme dose of 500 EXU/g of dry weight pulp (EXU: endoxylanase
units - one unit of endoxylanase is defined as the needed amount of enzyme
to release 1 μmol of xylose per min under the given reaction conditions). The
xylan content, however, could not be further decreased even with higher doses
of xylanase. This was explained by the limited accessibility of the residual xylan
and the size of xylanase itself (72).
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Figure 7. Fock’s reactivity (up) and viscosity (down) of different
endoglucanase-treated wood and non-wood pulp compared with eucalyptus

dissolving pulp. ECU/g: endocellulase units per gram of dry pulp. (Reproduced
with permission from reference (37). Copyright 2010.)

Commercial dissolving grade pulps require the content of hemicelluloses
to be lower than 10% (9). Paper grade pulps treated only with xylanase could
not meet this requirement. As a result, alkali treatment, a less selective (this
treatment hydrolyzes cellulose as well) but cheaper and very effective method can
be applied to these paper-grade pulps to further remove hemicelluloses. Several
studies have described trials of alkali treatments on paper-grade pulps (25, 37,
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39, 40, 42). The treatments were carried out with an alkaline loading of 9 wt%.
Ibarra et al. and Köpcke et al. demonstrated that the content of xylan was further
decreased to a value of approximately 5% after the treatment. However, the
cellulose reactivity also decreased as a result of hornification after drying. As
discussed earlier, hornification can be hindered by the presence of hemicelluloses
(73). After removing the majority of the xylan, hornification might occur more
easily and might therefore lower the accessibility and reactivity of cellulose.
These authors tried to solve this problem by combining xylananase, alkali, and
endoglucanase treatments and testing several sequences of modification (25, 37,
39, 40, 42). Because the most suitable condition for xylanase treatment (dose: 500
EXU/g dry weight pulp, incubation time: 2 h, temperature: 60°C) was already
established, optimizing the sequence of treatments on different pulps started by
determining the best conditions for alkali treatment to remove the maximum
amount of hemicelluloses. The alkaline load was reported be most effective at
7%, as the formation of cellulose II was detected by 13C CP/MAS NMR if the
pulps were treated with higher alkaline concentrations (9%). The amount of
hemicelluloses could be limited to below 10%. In addition, the best reaction time
of alkali treatment was reported to be 10 min (9). As with the endoglucanase
treatment, the most favorable enzyme dose was found to be 250 ECU/g of dry
weight pulp, and the most suitable incubation time and temperature were 1 h and
50°C, respectively (9).

The optimized sequences of combined treatment on birch, eucalyptus,
and sisal soda/AQ pulps were reported to be different. The best modification
sequence for birch pulp was two series of alkali treatments followed by the
endoglucanase treatment, with the most favorable conditions as discussed
above. In contrast, for eucalyptus and sisal soda/AQ pulps, the best sequence
was a xylanase treatment prior to alkali extraction and then an endoglucanase
treatment as the last step. The changes in these sequences were based on the
evaluation of carbohydrate composition, reactivity of cellulose, and viscosity
(Table 1 and 2), where reactivity was primarily considered. The xylanase
treatment together with the alkali extraction could fulfill the requirements for
the upgraded paper-grade pulps to be used as dissolving grade pulps in terms
of their hemicellulose content. The addition of the endoglucanse treatment as
the last step was of great importance to achieve high cellulose reactivity. It was
also observed that the endoglucanase treatment prevented hornification effects
produced by the removal of hemicellulose. This was explained by the hypothesis
that the short cellulose chains created by hydrolysis possibly precipitated onto
the pores that were generated after removal of hemicelluloses from the previous
steps. This effect may hinder the formation of new hydrogen bonds, which
causes the cellulose fibrils to be farther apart and therefore limits the hornification
effects (38). Although the upgraded paper-grade pulps had lower viscosity than
the commercial dissolving pulp (530 dm3/kg), the value was still acceptable.
During the viscose process, the viscosity of the original dissolving pulp normally
decreases to 160–200 dm3/kg to give better filterability (9). This part of the
process takes a significant period of time (0.5-5 h). The upgraded pulps, with a
viscosity of approximately 200–300 dm3/kg, could avoid this step and still meet
the needs for the manufacture of cellulose products of high quality (36).
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Table 1. Carbohydrate composition (glucose and xylose) of eucalyptus, birch
and sisal soda/AQ paper pulps after different sequences of treatmentsa

Commercial
eucalyptus
dissolving
pulp

Eucalyptus Birch Sisal
soda/AQ

Treatment Glu
(%)

Xyl
(%)

Glu
(%)

Xyl
(%)

Glu
(%)

Xyl
(%)

Glu
(%)

Xyl
(%)

N/A 97.6 2.4 81.7 18.3 73.4 25.5 81.0 18.1

X+AE N/A N/A N/A N/A N/A N/A 95.6 3.6

X+EG N/A N/A N/A N/A N/A N/A 85.0 14.2

X+AE+EG N/A N/A 94.4 4.8 94.5 4.6 95.5 3.9

AE+AE+EG N/A N/A 94.5 4.8 92.2 5.5 N/A N/A

AE+AE+AE+EG N/A N/A 95.2 4.2 94.1 4.4 N/A N/A
aX: xylanase treatment (500 EXU/g dry weight pulp, 2 h, 60°C; EXU: endoxylanase units);
AE: alkali treatment (7% NaOH, 10 min, 20°C for wood pulps; 9% NaOH, 1 h, room
temperature for sisal soda/AQ pulp); EG: endoglucanase treatment (250 ECU/g dry weight
pulp, 1 h, 50°C; ECU: endocellulase units); N/A: data are not available.

Table 2. Fock’s reactivity (R) and viscosity (V) of eucalyptus, birch and sisal
soda/AQ paper pulps after different sequences of treatmentsa

Commercial
eucalyptus
dissolving
pulp

Eucalyptus Birch Sisal soda/AQ

Treatment R
(%)

V
(dm3/
kg)

R
(%)

V
(dm3/
kg)

R
(%)

V
(dm3/
kg)

R
(%)

V
(dm3/
kg)

N/A 64.8 530 36.1 855 40 712 34.8 655

X+AE N/A N/A N/A N/A N/A N/A 31.1 725

X+EG N/A N/A N/A N/A N/A N/A 65.4 440

X+AE+EG N/A N/A 67 335 68 370 66.2 290

AE+AE+EG N/A N/A 58 330 69 330 N/A N/A

AE+AE+AE+EG N/A N/A 40 300 60 285 N/A N/A
aX: xylanase treatment (500 EXU/g dry weight pulp, 2 h, 60°C; EXU: endoxylanase units);
AE: alkali treatment (7% NaOH, 10 min, 20°C for wood pulps; 9% NaOH, 1 h, room
temperature for sisal soda/AQ pulp); EG: endoglucanase treatment (250 ECU/g dry weight
pulp, 1 h, 50°C; ECU: endocellulase units); N/A: data are not available.
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The paper-grade pulps from birch, eucalyptus, and sisal after the combined
treatments have been shown to exhibit characteristics similar to those of a
commercial dissolving grade pulp. The molecular weight distribution (MWD)
was analyzed by size exclusion chromatography (Table 3). The treated paper
pulps had a lower polydispersity index (PDI) than those of commercial dissolving
pulps, which implies that these upgraded pulps have better homogeneity and are
suitable for the manufacture of uniform cellulose products (25). The upgraded
birch and eucalyptus paper pulps presented proportions of high-molecular weight
cellulose (DP>2000) similar to those of commercial dissolving pulps, which
suggests the possibility of using these upgraded paper pulps in manufacture
of cellulose products with high quality (55). Finally, these treated wood and
non-wood paper pulps showed relatively lower weight-average degrees of
polymerization (DPw) compared to those of commercial dissolving pulp, which
might arise from the cleavage of long cellulose molecules by endoglucanase (25).

Table 3. Comparison of molecular weight distribution among birch,
eucalyptus, and sisal soda/AQ paper pulps, upgraded pulps, and commercial
eucalyptus dissolving pulpa. Adapted from permission from references (25,

37, 39, 40). Copyright 2009, 2010, 2010, 2010.

Pulp DPw PDI DP<50
(%)

DP<200
(%)

DP>2000
(%)

Commercial
eucalyptus dissolving

pulp
2390 7.4 7.9 15.9 26.8

Birch kraft pulp 6213 27.9 N/A N/A N/A

AE+AE+EG treated
birch pulp 1733 4.5 4.8 17.7 21.5

Eucalyptus kraft pulp 6055 20.5 N/A N/A N/A

X+AE+EG treated
eucalyptus pulp 1545 7.4 4.9 13.8 21.2

Sisal soda/AQ pulp 3575 9.6 N/A N/A N/A

X+AE+EG treated
sisal pulp 1200 5.3 3.9 17.9 14.5

a AE: alkali treatment (7% NaOH, 10 min, 20°C for wood pulps; 9% NaOH, 1 h, room
temperature for sisal soda/AQ pulp); EG: endoglucanase treatment (250 ECU/g dry weight
pulp, 1 h, 50°C; ECU: endocellulase units); X: xylanase treatment (500 EXU/g dry weight
pulp, 2 h, 60°C; EXU: endoxylanase units); DPw: weight average degree of polymerization;
PDI: polydispersity index; N/A: data are not available.

The upgrading of softwood paper-grade pulp has also been described. Li (41)
tried sequential treatments on a dried paper-grade pulp from spruce and pine, but
only enzymes (xylanase, mannanase, endoglucanase) were applied. The treated
pulps exhibited similar characteristics to commercial softwood dissolving grade
pulp (Table 4).
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Table 4. Fock’s reactivity (R), viscosity (V), and carbohydrate composition
(glucose, xylose, and mannose) of softwood paper pulp after different

sequences of treatmentsa

Sample R (%) V (dm3/kg) Glu (%) Xyl (%) Man (%)

Commercial
softwood dissolving

pulp
70 560 93.0 N/A N/A

Softwood paper-
grade pulp 52 918 85.0 8.7 6.3

EGa treated softwood
pulp 68 N/A N/A N/A N/A

EGb treated
softwood pulp 72 569 N/A N/A N/A

X+M+EGa treated
softwood pulp 80 519 87.0 6.5 6.5

X+M+EGb treated
softwood pulp 80 519 87.1 6.3 6.6

MEa treated
softwood pulp 73 436 N/A N/A N/A

MEb treated
softwood pulp 73 412 N/A N/A N/A

a EG: endoglucanase treatment (a: 50 ECU/g dry weight pulp, b: 100 ECU/g dry weight
pulp, 1 h, 50°C; ECU: endocellulase units); X: xylanase treatment (500 EXU/g dry weight
pulp, 2 h, 60°C; EXU: endoxylanase units); M: mannanase treatment (500 VHCU/g dry
weight pulp, 2 h, 40°C; VHCU: viscosity hemicellulase units); ME: multi-component
enzyme treatment (a: 50 EGU/g dry weight pulp, b: 100 EGU/g dry weight pulp, 1 h,
50°C; EGU: endoglucanase units); N/A: data are not available.

The content of xylan decreased as a result of the xylanase treatment.
However, a relatively higher amount of hemicelluloses in the upgraded softwood
pulp compared with those in the commercial dissolving pulp was observed. As
mentioned above, the efficiency of enzymes depends on the accessibility of the
substrate, and enzymes that are larger in size than the pores among the fibrils in
pulp might be blocked, and therefore only the accessible hemicelluloses were
attacked. Moreover, the content of glucomannan (reflected by mannose here) was
not affected by the mannanase treatment, which might be caused by a hindrance
effect arising from the arrangement of xylan and glucomannan in this softwood
pulp (74). Nevertheless, the sequential treatment succeeded in removing the
hemicelluloses to some extent, and the purity of cellulose in the upgraded paper
pulp was close to that of the dissolving pulp.

Furthermore, Li described another method of upgrading paper pulp (41). In
these experiments, a multi-component enzyme was used as the reagent, which
was reported to have various activities as both cellulase and hemicellulase (75).
The paper-grade pulp treated by this enzyme showed an obvious increase in its
cellulose reactivity and a decrease of viscosity, which could be attributed to the

185

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
A

ug
us

t 2
8,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 A

ug
us

t 1
7,

 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

10
7.

ch
00

9

In Functional Materials from Renewable Sources; Liebner, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



synergic function of the multi-component enzyme (Table 4). Moreover, unlike the
xylanases and endoglucanases with high enzyme purities (mono-component), the
multi-component enzyme has an advantage of being lower in cost.

Finally, for the forest industry, the feasibility of enzymatic treatments
on paper-grade pulps depends highly on the economic aspects. Kvarnlöf
demonstrated the possibility of decreasing the production cost of viscose fibers
by the activation of cellulose materials (dissolving grade pulps) with enzymes
in advance (76). The total cost was predicted to be reduced by 3%-16% in
comparison with the conventional method, with the consideration of investments
on enzymes and corresponding reactors. As to the current method, the lower cost
of paper-grade pulps is another advantage from the economical point of view.

Conclusions

Enzymatic treatments demonstrated a strong potential for the improvement of
cellulose accessibility and reactivity and for the conversion of paper-grade pulps
to dissolving grade pulps in a selective, effective, and environmentally friendly
manner. This method is of great significance for the fabrication of cellulose fibers,
especially for viscose manufacturing, where enzymatic treatment could help to
reduce the load of carbon disulfide and therefore lower production expenses.

The upgraded pulps from different sources (hardwood, softwood, and sisal)
exhibited characteristics similar to those of dissolving pulps. The efficiency of
treatments depended on the type of enzymes used, the structure of these enzymes,
the reaction conditions, the treatment sequences (in combination with alkali
extraction), and the cellulose substrates. However, the feasibility of this method
in industry for the large-scale production of pure cellulose has yet to be evaluated.
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Chapter 10

Molecular Dynamics Simulations of the
Thermal Stability of Crystalline Cellulose

Surfaces Coated with Oleic Acid

Mir A. A. R. Quddus,1,2 Orlando J. Rojas,1,2
and Melissa A. Pasquinelli*,2

1Forest Biomaterials, North Carolina State University, 2820 Faucette Drive,
Raleigh, North Carolina 27695

2Fiber and Polymer Science/TECS, North Carolina State University,
2401 Research Drive, Raleigh, North Carolina 27695

*E-mail: melissa.pasquinelli@gmail.com

The thermal stability of different types of oleic acid films on
a crystalline cellulose surface has been investigated through
molecular dynamics simulations. The thin film was observed to
become disordered upon heating, resulting in the evaporation
of oleic acid molecules. This effect is expected to contribute to
the performance of cellulose, for example in packaging, where
food contamination can be facilitated. In contrast, double layers
and annealed coatings remained stable over the temperature
range tested in this simulation.

Introduction

Interactions between cellulose and organic fluids, such as fatty acids, are
of high importance in various fields, such as food packaging, pharmaceuticals,
textiles, and paper. The adhesion and subsequent stability of the organic liquids
on cellulose surfaces are driven by the interactions occurring between these
components. These interactions include hydrogen bonding, van der Waals forces,
hydrophobicity, etc. which occur within cellulose and between cellulose and fatty
acid molecules. These forces are expected to affect the stability of the cellulose
substrate and adsorbed fatty acid molecules. The stability of the cellulose-fatty
acid combined structure depends on the attractive forces within each individual

© 2012 American Chemical Society
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component as well as their interactions. Oleic acid (OA), a common type of fatty
acid, is liquid at room temperature. Thus its behavior at elevated temperatures is
most relevant to its stability and of crucial importance in a variety of applications.
For example, for eco-friendly packaging materials, fatty acids are sometimes used
to coat cellulose. These packages are often referred to as “edible” packaging,
which refers to thin continous layer of edible material formed on or between food
goods or food components (1–3).

Edible food packaging materials are of interest due to their moisture barrier
property, given hydrophilicity (4) and biodegradability (5–9). Bicomponent
films with polysaccharides and lipids can provide functional properties that are
otherwise difficult to obtain. These coatings are defined as thin, continuous layers
of edible material used as a coating or as a film placed between food components
to provide a barrier to mass transfer (e.g., humidity) between the environment
and food (10). These coatings are applied either directly on the food product,
or via liquid film or by molten compounds. It can be applied by emulsion (11),
spraying (12), or vapor deposition (13, 14). The applied coating can be as thin as
a monolayer to thick (1, 3, 15). The polysaccharide component of the material can
be from sources such as cellulose and its derivatives, alginates, pectins, starches,
and chitosan. The lipids can be fatty acids or waxes (10). Due to its low melting
temperature, fatty acid coatings can become unstable at high temperatures and
cause problems such as change in food odor and color and product quality (16).

The thermal stability of fatty acid coatings can be compromised due to
processing, transportation, storage and consumer usage. The effect of thermal
instability of food packaging has been investigated by many researchers (1,
17–20). For example, in a recent experimental study with Nisin, an edible protein
film, Giovanna and coworkers indicated that the thermal instability was affected
by temperature, thickness and pH due to increased kinetics of the molecules.
Among these factors, thickness and pH critically impacted Nisin desorption
(18–20). Finally, the cohesion between fatty acid molecules define their stability
under heating; for example, it is expected that a film with high molecular cohesion
is highly stable.

The thermal stability of fatty acid coatings on a typical cellulosic surface
depends on the properties of both components. Cellulose does not display a
melting point because its degradation starts around 500 K due to disruption of
interchain hydrogen bonding (16, 21–25). It has been suggested that complete
disruption of the hydrogen bonding network occurs above 500 K (26–28). On
the other hand, fatty acids tend to possess a much lower thermal degradation
temperature compared to that of cellulose. Generally, the saturated fatty acids
have higher melting and boiling temperatures compared to unsaturated ones.
For example, palmitic acid has a melting temperature of 336 K and a boiling
temperature of 535 K, whereas oleic acid possesses melting and boiling points of
287 and 496 K, respectively (29). An understanding of the temperature effects
on the stability of fatty acid coatings on polysaccharides could provide guiding
principles in the advancement of food packaging technologies. The results from
this study can be used as gauge of the durability of the edible film coatings under
the wide range of temperatures that occur during processing, transportation,
storage and consumption or use.
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In this study, we have chosen cellulose as the solid substrate and oleic acid
to represent the organic coating layer. Both of these components are central
in consumer products of food packagings due to their biodegradability and
non-toxicity (30, 31). The properties of the crystalline cellulose surface has
been characterized previously both in experiment (32, 33) and simulation (26,
27, 34–36). These studies indicated that the cellulose structure is held together
through inter- and intra-chain hydrogen bonding; however, both types of hydrogen
bonding start to degrade above 475 K, and so the structure is stable between 300
and 450 K. Films of oleic acid have also been studied experimentally (37–39)
and by simulation (36). It has been observed that oleic acid films have an affinity
toward cellulose and form hydrogen bonds with cellulose (38). The stability of
the three types of oleic acid (OA) films on a crystalline cellulose surface was
investigated, representing various types of coatings that can be applied as edible
bicomponent materials on food products. We refer to a thin film to represent a
monolayer coating on the cellulose surface; thick film to represent a multilayer
coating, and the annealed film to indicate a coating deposited from the vapor
phase (40). This latter case has been addressed in reports that have indicated that
vapor deposited films have a high degree of orientation and packing and thus
could provide high thermal stability (41).

Methodology

The system setup and the molecular dynamics (MD) simulations were
conducted with Accelrys’ Materials Studio® software, version 5.5 (42). We
used Forcite Plus® for geometry optimization, parameterization, dynamics and
analysis. The simulations were run on a Dell computer with an Intel Core-i7
processor at 2.79 GHz and with 8 GB RAM.

Preparation of the Molecular Model of the OA-Cellulose System

A crystalline cellulose surface was built from a crystal unit cell obtained
from X-ray diffraction studies conducted by Nishiyama and coworkers (43). The
monoclinic 1β unit cell structure was optimized after adding hydrogens within the
Materials Studio visualizer. This unit cell was then cleaved along the [110] plane
following the protocol of Mazeau (35). Then, a supercell was built by replicating
the cleaved 2-dimensional structure three times. This structure was converted
into 3 dimensions by forming a slab. This slab was then annealed for 500 ps with
the peak temperature of 500 K, after removing all of the structural constraints.
The annealed structure was then subjected to 500 ps of NVT dynamics.

Three types of fatty acid coatings were built with the Amorphous Builder®
utility from the coordinates obtained for OA from PubChem database (44). The
density of the all these coatings were set to 0.895 g/cm3. The thin film was built
from 25 OA molecules with the specified density. The thick film was built from
50 OA molecules and same density as the thin film. Both of these films were
optimized for 20 ps at 300 K. The annealed film was built in several steps. First,
a thin film was built according to the same procedure as mentioned above. This
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thin film was then annealed at 500 K, upon which the film disintegrated into
individual molecules, which is comparable to a vaporized state. Then the system
was optimized for 20 ps at 298 K.

In the MD box the [110] crystalline cellulose surface was placed at the bottom
of the MD box, and each oleic acid film was placed within 9.5 Å (Lennard-Jones
cutoff distance) from it. The thin and thick films were incorporated into the MD
boxwith layer builder utility, and the annealed filmwas added to the box according
to the docking method. A 100 Å vacuum space was kept on top of each OA film to
avoid interaction with bottom surface of the periodic image. The final dimensions
of the combined system is 31 x 35 x Z, where the Z height varies based on the type
of film used (Table I).

Table I. Dimensions of the MD boxes used in the simulations

Dimension Thin Thick Annealed

x (Å) 31.1 31.4 31.9

y (Å) 35.8 35.8 36.6

z (Å) 150.2 165.0 172.1

MD Simulations

All of the simulations were conducted using the NPT (isothermal-isobaric)
ensemble. The temperature of the system was controlled with the Nose-Hoover
thermostat (45), and pressure was maintained at 1 atm with the Berendsen barostat
(46). An integration time step of 1 fs was used, and the Verlet algorithm was used
to integrate the equations of motion for all of the simulations. The PCFF force
field was used to configure atoms of both the fatty acid and cellulose atoms, which
is a second generation force field that was originally developed for the simulation
of condensed phase materials such as polymers (47, 48). This force field has been
validated previously for use with both fatty acids (49) and cellulose (35, 50).

Results and Discussion

We investigated the thermal stability of the different OA films on a cellulose
substrate. This MD simulation study was conducted in vacuum at a range of
temperatures, mimicking the heating of this coated surface inside a microwave or
oven. The temperature was varied from 300 to 450 K in 50 K increments based
on temperatures used in handling packaged food products; Table II reflects the
food warming temperatures recommended by the FDA for the safe use of food
packaging. According to this table, 400 K is a safe temperature for warming a food
packaging, and 450 K can be considered as an unsafe temperature for handling.
Thus this temperature (450 K) is considered as “misuse” temperature, i.e., if
used, it can damage the coating. Thus, the stability at the misuse temperature
of a cellulose surface that is coated with a fatty acid is a good indicator of the
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packaging’s thermal stability since this temperature is also close to the boiling
point of the fatty acid such as OA. In addition, there is a possibility for the films
to be released from the cellulose surface and cause unwanted contamination.
The misuse temperature can also cause damage to the base cellulose surface.
Thus in this study, we also evaluated the stability of the cellulose surface at this
temperature.

Table II. Temperature set points for warming food packages

Temperature
(K) Set Point Description

300 Room temperature (51)

350 Recommended temperature for cooked meat products (52, 53)

400 FDA recommended temperature for food packaging (52)

450 Consumer misuse temperature for food packaging (52)

With MD simulations, we investigated the thermal stability of the cellulose
substrate coated with OA films, as well as the substrate and OA films separately.
As indicated in the introduction, the thickness and formation mechanism is of
critical concern related to thermal stability of the coating films. These two factors
were selected based on the previous studies where it was found that protein
film desorption increased with the decrease in film thickness (17, 53) and vapor
deposited films possessed higher orientation and packing compared to thin films
(41). Thus, we expect to observe higher stability in the case of the thick film
(double layer) and the annealed film over the thin film. In the following sections,
we evaluate the stability of the cellulose surface, OA films and OA-cellulose
assembly, through MD simulations.

Validation of the Molecular Models

The results of the optimization of the [110] crystalline cellulose surface are
given in Figure 1, obtained after 500 ps of NPT dynamics at 500 K. The system
was minimized for 20 ps at 300 K. The image indicates that the crystalline unit
cells within the cellulose structure reorganized from its original structure due
to heating. As a result of this reorganization, the surface area of the cellulose
structure increased, as is indicated in Figure 1c and 1d. (The surfaces were
obtained by a Connolly probe of 1.5 Å diameter and a 0.75 Å grid spacing.)
With the reorganization of the structure, the cellulose surface area increased 17%
from 1459 to 1703 Å2. According to Matthews and coworkers, this increase
in disorder can lead to diffusion of water molecules into its structure, which is
otherwise difficult for cellulose crystal structure (34). In addition, heating caused
the rearrangement of the inter- and intra-residue hydrogens within the cellulose
structure, as depicted in Figure 1a and 1b. But no disruption of the structure
occurred at the misuse temperature. The hydrogen bonds were calculated between
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the oxygen - oxygen and oxygen - hydrogen atoms within the cellulose structure.
A close up view of the hydrogen bonding within the cellulose structure can be
observed in Figure 2a. There is an increase in inter-residue hydrogen bonding due
to rearrangement of the cellulose chains. This observation qualitatively correlate
with the study done by Matthews and coworkers in their high temperature
simulation of cellulose (33). This structure and the hydrogen bonding network is
also qualitatively similar to the one indicated by Nishiyama and others (26, 27,
33, 54). The results also indicate that the hydrogen bonds remained stable at the
misuse temperature, in agreement with Zhang and Bergenstrahle (25, 26).

Figure 1. Snapshots of the crystalline [110] cellulose surface a) initial structure
at 300 K, b) final structure after 500 ps of NPT at 500 K, c) Connolly surface at
300 K and d) Connolly surface at 500 K. The colors (consistent in all figures)
represent the following atoms: carbon is gray, oxygen is red and hydrogen is
white. Hydrogen bonds are indicated by blue dashed lines. (see color insert)

Figure 2. Zoomed-in view of the hydrogen bonding network within the a)
cellulose and b) oleic acid structures. (see color insert)
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The final structures for the three OA films are depicted in Figure 3. These
images represent the aggregated OAmolecules in the form of films after geometry
optimization and subsequent NPT MD simulation. This figure also suggests that
OA molecules within the thin and annealed films have lower compactness and
higher orientation compared to those of the thick film, which impact the strength
of these films on the cellulose surface.

Figure 3. Snapshots of the types of OA films that were created in this simulation:
a) thin, b) thick and c) annealed films. (see color insert)

The combined system of cellulose with the thin OA film is given in Figure 4.
Figure 4a presents the initial state of the combined system, where the OA film has
already been optimized prior to placing within the box with the cellulose. At this
state, the OA molecules are initially mostly separated from the cellulose surface.
Figure 4b is a snapshot from the final frame after 1.1 ns of NPT simulation at 1 atm
pressure, which suggests that the OA molecules within the thin film adhered onto
the cellulose surface. In addition, some hydrogen bonds (indicated by the dashed
blue line) formed between OA molecules and the cellulose. Besides increased
thickness, no distinguishable difference can be observed for the thick film after
completion of the NPT simulation. As hypothesized in the previous section, the
figure indicates higher orientation of the OA molecules for both annealed and
thin films compared to the thick (images of the thick and annealed results are not
shown).

Figure 4. Snapshots of the combined system of crystalline cellulose and the thin
OA film at 300 K, for the a) initial and b) final structures. (see color insert)
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In the following sections, we analyze how the film thickness and their
formation mechanism can impact the thermal stability of the OA films on the
cellulose surface. We first extract the individual components from the simulation
and evaluate how their structures and interactions are impacted by elevated
temperatures.

Effect of Temperature on the Structure of Crystalline Cellulose

Thermal stability of the cellulose at high temperatures has been studied by
both experimental (32, 55, 56) and computational (26, 27, 34, 35) techniques.
From the experimental studies performed by Wada, it was observed that the
cellulose 1β diffraction peaks widened at 473 K without decomposition (56). A
significant change in the crystal structure was observed, indicating the crystalline
phase transition was beyond 500 K (56). Kim and coworkers, working with
cellulose 1β, observed that it starts to degrade above 573 K. Additionally, at
633 K, the cellulose crystal crystallites produced spectra similar to amorphous
cellulose materials, which indicates loss of order (32). Nada and coworkers, using
viscose pulp, observed that cellulose starts to degrade at 588 K; the cellulose had
lost 80% of its original weight (55). In addition, the glass transition temperature
for cellulose has been estimated to also be within this temperature range, 490 K
(23).

We evaluated the integrity of the cellulose structure at elevated temperatures
from the MD simulations performed at the temperature ranges given in Table
II. The radial distribution function (RDF) which provides information about the
structural order of the system, was used to evaluate the integrity of the cellulose
surface at elevated temperatures. To evaluate the RDF, we used a 0.1 Å integration
step and 15Å cutoff, and the pairwise distribution function was calculated between
all pair of atoms within the cellulose structure that are indicated in Figure 5a. An
overall observation is that of no or negligible difference in the RDF beween 300
and 450 K. There is only slight increase in the height of the peaks observed at
the 500 K temperature. According to Mazeau, the peaks at 1.44 and 1.55 Å are
due to C-O and C-C atoms respectively, and the peaks beyond 2 Å are due to
non-bonded atoms. Similarly, Chen and co-workers found that C-H, O-H, C-
C and C-O bonds within cellulose I occurs between 1.0 - 1.5 Å. Whereas the
hydrogen bonding occurs between 2.0 - 3.0 Å (57). Figure 6 indicates that the
first non-bonding peak appears within 3 Å, which can be considered as a hydrogen
bonding distance (58). It has been indicated that the crystalline microstructure
peaks fluctuate at larger distances beyond 5 Å, which is also observed in Figure 6.
These observations suggest that the cellulose structure has retained its crystalline
order even after rearrangement along with non-bonded interactions at the misuse
temperature, which correlates with earlier experimental findings (55, 56). Thus our
results coincide with the experimental findings that the cellulose surface remains
stable below 500 K (26).

198

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
 o

n 
A

ug
us

t 2
8,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 A

ug
us

t 1
7,

 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

10
7.

ch
01

0

In Functional Materials from Renewable Sources; Liebner, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Figure 5. Atoms (indicated by the dashed lines and circles) that are used for
RDF calculation for the a) cellulose chains, b) OA molecule and c) OA-cellulose

interaction. (see color insert)

Figure 6. Radial distribution function (RDF) of crystalline cellulose at 300 K
and 450 K temperatures, calculated over the entire trajectory. (see color insert)

Effect of Temperature on the OA Film Structure

The RDF was also evaluated between all of the atom pairs within the OA
films that are indicated in Figure 6b using the same integration step and cutoff
as for cellulose, and the results are displayed in Figure 7. The peaks below 2 Å
are due to atom connectivity within the OA molecules, and these peaks remained
stable with the increase in temperature. The first peak that appears above 2 Å is
due to non-bonded interactions. These peaks are lower in magnitude and almost
non-existent beyond 3 Å, suggesting that there are few hydrogen bonds within the
OA film and the structure is disordered at longer distances. At misuse temperature,
these peaks shift to smaller distances for the thick film, which suggests that the OA
molecules become more ordered than initial. On the other hand, the location of the
non-bonded peaks within the thin and annealed films becomes smooth at longer
distances. This indicates the increase in structural order for both of these films.

The overall trends for all three of the films are similar but their degree of order
differs based on their thickness. Thus, there is some possibility at the misuse
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temperature of film disruption due to loss of hydrogen bonding. Using FTIR,
Proctor and coworkers found the presence of of strong hydrogen bonding between
OAmolecules (38). The loss of hydrogen bonding at higher temperatures can also
be due to increased mobility of the OA molecules (to be discussed later), which
enables the cohesive forces to be overcome, and leading to instability of the OA
molecules especially in the thin and annealed films.

Figure 7. The RDF at the 300 K and 450 K tempteratues for the (a) thin, (b)
thick, and (c) annealed OA films. These plots were calculated from the entire MD

trajectory. (see color insert)

Figure 8 provides the average torsion angle along the OA double bond
(depicted in Figure 9). These plots indicate that OA prefers torsional angles of
120° with the backbone for all three types of films. This value was obtained
by previous simulations (59) and closer to the experimental value obtained for
crystalline oleic acid (60). The probability of finding that angle (indicated by the
height of the peaks) slightly decreases with an increase in temperature for all three
types of OA films. This observation is likely due to the increased movement of
the atoms from the elevated temperatures; a decrease in torsion angle is directly
associated with heating and related expansion of chains. At 450 K, the highest
expansion of the chains is observed to occur. Thus, the loss of hydrogen bonding
within the fatty acid film in Figure 7 can be inferred to be due to the increase in
the conformational freedom of the OA molecules. However, the effect is most
prominent in the thin film compared to thick and annealed. This can affect its
stability on the cellulose surface.

Figure 8. The torsion angle averaged over the entire trajectory for the (a) thin,
(b) thick, and (c) annealed OA films. (see color insert)
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Figure 9. Definition of the torsion angle (-C-C-C=C-) for oleic acid. (see color
insert)

Effect of Temperature on Interaction between the OA Film and the Cellulose
Surface

In a recent study with cellulose microfibril faces, Mazeau noted that
adhesion can be impacted by the accessibility of the OH groups located on the
cellulose surface, and that the [110] crystalline cellulose surface has intermediate
accessibility of the hydrophilic OH group (35). In order for the OA films to adhere
onto the cellulose surface, the OH group accessibility is of primary importance.
The integrity of the OA film can also be maintained through the cohesive
hydrogen bond formation through its carboxylic acid group (37). These groups
can also interact with cellulose hydroxyl groups to form hydrogen bonding. For
example, Figure 4b indicates that there is hydrogen bonding between oleic acid
and the cellulose surface.

In order to better quantify this effect, we have evaluated the number of
hydrogen bonds between the cellulose hydroxyl group (OH) and the carboxylic
acid oxygen atoms. The results in Figure 10 suggest that the number of hydrogen
bonds increases slightly with the increase in temperature. Between the carbonyl
oxygen (C=O) and hydroxyl oxygen (OH) with the cellulose OH groups, a higher
number of hydrogen bonds can be observed with C=O. Among the three films, the
highest number of OH – OH hydrogen bonds is present in the thin and the lowest
in the thick one at the misuse temperature. However, in the case of thin films, the
OH – OH hydrogen bonding reduces at the misuse temperature, which may lead
to some desorption of OA molecules attracted through hydrogen bonding.

Further evaluation of order in these films was conducted by applying RDF
between the OA films and the cellulose surface. We have taken the difference in
RDF profiles for both OA and the cellulose between the atom pairs of cellulose and
the OA film that are indicated in Figure 5c to understand their interactions, and the
results are given in Figure 11. In this case, every change in slope of the respective
curve is associated with a difference in peak height between the two systems. It can
be observed from this graph that a peak shift between the covalent bonded atoms
of both surfaces (under 2 Å) does not deviate and thus the difference is negligible.
But on the other hand, the non-bonded atoms slightly deviate between 2-3 Å due
to the increase in the number of hydrogen bonds. Beyond 5 Å, the peaks deviate
further due to disorder within the structure, which increased with the increase in
temperature. Among the three films, the magnitude of this trend is lowest for the
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thick film, which could be due to the lowest degree of hydrogen bonding and order
within the structure. On the other hand, the structural order increases for both thin
and annealed films at the misuse temperature. In case of the annealed film, the
increase in structural order at the misuse temperature is slightly higher than the thin
film. The loss of order for the thin film can be due to potential disruption of some
of the hydrogen bonds between the OA film and the cellulose at this temperature.

Figure 10. Difference between the number of hydrogen bonds formed at 300 K
and 450 K for the cellulose hydroxyl group (OH) and the carbonyl groups (C=O,
green, and OH, black) of (a) thin, (b) thick, and (c) annealed OA films. The error
bars indicate deviation of hydrogen bond formation within a given temperature.

(see color insert)

The density of the three OA-cellulose systems is given in Figure 12. This
figure indicates that the density of the thin film decreased with an increase in
temperature. The steep reduction in system density of the thin film can be an
indication of large structural changes, including OA molecule desorption from
the film. In case of the thick film, the density increased up to 350 K and then
decreased slightly thereafter, which could be due to formation of hydrogen bonds
and subsequent increase in order within the structure. Density of the annealed
film remained nearly unchanged at the misuse temperature, with some decrease
between 350 and 400 K temperatures.

Figure 11. Difference between the RDF between the cellulose surface at 300
K and 450 K indicating interaction of the (a) thin, (b) thick, and (c) annealed

OA films. (see color insert)
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Figure 12. Density of the cellulose-OA system surface between 300 to 450 K
temperatures of the (a) thin, (b) thick, and (c) annealed OA films. (see color

insert)

The changes due to hydrogen bonding between OA molecules and the
cellulose surface influence the interfacial interaction energy (Einter), given by:

where Etot is the total potential energy of the combined system, Ecell is the potential
energy of the cellulose surface, EOA is the potential energy of the OA film, and A
is the area of the interface (in this case, the cellulose surface). A decrease in this
quantity can suggest a decrease in the OA film adhesion on the cellulose surface,
thus leading to instability, while a positive change indicates a favorable interaction,
leading to greater film stability (61).

The Einter as a function of temperature for the three films considered in this
study is given in Figure 13. The results suggest that there is an initial increase in
the interaction energy for thick and annealed films between 300 and 350 K, likely
due to an increased number of hydrogen bonds between the OA films and the
cellulose surface. Between 350 to 400 K, the interaction energy of the annealed
surface increased further due to structural ordering and formation of C=O – OH
hydrogen bonding. However, between 400 to misuse temperature, there might be
some loss of OH – OH hydrogen bonds but reformation of C=O – OH hydrogen
bonds due to increased structural ordering beyond 5 Å distance. In case of the
thick film, the potential energy decreased slightly between 350 and 400 K due to
lower formation of C=O – OH hydrogen bond formation. But it increased slightly
at the misuse temperature due to higher increase in OH – OH hydrogen bonding.
On the other hand, the potential energy of the thin film decreased with the decrease
in the C=O – OH hydrogen bonding. There is a steep decrease in potential energy
for this film at the misuse temperature close to zero, indicating OA molecule
desorption (evaporation) from the surface. These results indicate that the thick
and annealed films are able to withstand the temperatures considered in this study,
but not necessarily the thin one.

The snapshots of the final trajectory frame of the three films can provide some
insights on their stability. Figure 14 provides the final frame snapshots of the
three films. This figure indicate that all the three films remained adsorbed at the
misuse temperature. The OA molecules have slightly diffused into the cellulose
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surface due to increased surface area (indicated in Figure 1d). Furthermore, an
OA molecule is being desorbed (evaporated) from the thin film at the misuse
temperature. On the other hand, no desorption can be observed for the thick and
annealed films. The thick film structure looks more disordered than the thin and
annealed ones.

Figure 13. The interfacial energy between the [110] crystalline cellulose surface
and the OA molecules as a function of temperature for thin, thick, and annealed
OA films (as indicated). The values have been averaged over the 100 final ps of

the MD trajectories. (see color insert)

The mean squared displacement (MSD) can provide information about
molecular diffusion; as such, the dynamics of the OA molecules within the fatty
acid film toward the cellulose surface can be estimated by the MSD. The diffusion
coefficient (D) can be calculated from the MSD from the following equation,

where N is the number of atoms, and r(t) is the displacement at time t. The
summation term in the brackets is the MSD.

The MSD calculated from the entire production trajectory for each of the
OA films relative to the cellulose surface is given in Figure 15. The MSD is
calculated by considering the carbonyl oxygen atoms as the penetrating atoms
within the OA film, which diffuse towards the cellulose surface. As illustrated
in Figure 14, for each OA film system, the mobility of the carbonyl oxygen atoms
increased with the increase in temperature. In case of the thin film, the highest
increase can be observed at 450 K (62). The MSD plot for the thick film (Figure
14b) also reveals some other interesting features. At 400 and 450 K, there is an
initial steep slope followed by a reduced one due to a reduction of mobility of the
carbonyl atoms away from the surface. This type of trend is observed in systems
where a phase transition occurs, for example, from liquid to gaseous phase (63).
In this system, it can be inferred that this transition is due to the formation of
cohesive interactions within the coating, and this stability reduces the possibility
of desorption of the OA molecules from the thick surface. The annealed film
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exhibits features similar to both the thick and the thin films. It too has a initial
steep slope, which gradually decreases at higher temperatures (450 K). This trend
indicates that the annealed film was stabilized by the continuous rearrangement of
the molecules on the cellulose surface. The overall magnitude of the displacement
of the molecules is highest for the thin followed by annealed and thick films.

Figure 14. Snapshots from the 1 ns timestep of the MD simulation trajectory
of crystalline [110] cellulose (bottom) coated with a (a) thin, (b)thick and (c)

annealed OA film (top) heated at 450 K. (see color insert)

The calculated diffusivity values from Eqn. 2 are given in Table III and
indicate that the thin film has the highest diffusivity among the three films,
which is indicative of its higher mobility. The annealed film has the intermediate
diffusivity. These observations suggest that both the thick and annealed films
might be a a good choice for cellulose surfaces compared to thin. Considering the
cost of manufacturing, the annealed might be a more prudent option for edible
food packaging that is made from cellulose.

Figure 15. Mean square displacement (MSD) in a (a) thin, (b) thick, and(c)
annealed OA film. (see color insert)
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Table III. Diffusion coefficients calculated with Eqn. 2 at various
temperatures for the three OA films systems calculated over the first 500 ps

of the MD trajectory

Temperature
(K)

Thin
(10-6 cm2/s)

Thick
(10-6 cm2/s)

Annealed
(10-6 cm2/s)

300 0.8 0.4 0.6

400 1.3 2.9 2.8

450 10.1 6.1 7.9

Conclusion

We investigated the thermal stability of fatty acid films coating cellulose
substrates as a model of edible food packaging materials. The results from
molecular dynamics simulations indicate that both components of the system are
stable up to the misuse temperature recommended by FDA.

The use of a thick and annealed coating over the thin one is preferred due
to their stability up to the misuse temperature. The results found in our MD
simulations correlated with results from experimental evidence and therefore it
is suggested that the computational methods used can be used to predict, screen or
troubleshoot the performance of related systems, for example, in cellulose-based
packaging applications.
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Chapter 11

Highly Swellable Lignin Hydrogels: Novel
Materials with Interesting Properties

Lars Passauer*

Institute of Plant and Wood Chemistry, Technische Universitaet Dresden,
Pienner Str. 19, 01737 Tharandt, Germany
*E-mail: Passauer.Lars@ihd-dresden.de

Current affiliation: Institut für Holztechnologie Dresden gGmbH,
Zellescher Weg 24, 01217 Dresden, Germany

Cross-linking of kraft and organosolv lignin with poly(ethylene
glycol) diglycidyl ether in alkaline media was found to give
water-swellable chemical networks with hydrogel character.
In the present chapter, some general aspects on hydrogels
and novel pathways to prepare lignin hydrogels and the
corresponding xerogels are given. In order to characterize the
materials obtained, selected analytical methods such as light,
polarized light and scanning electron microscopy, swelling/
shrinking and oscillation measurements, as well as FTIR ATR
spectroscopy and phenolic OH group determination by selective
aminolysis were applied.

Introduction

Properties of Hydrogels

Hydrogels are water absorbing polymeric materials with a wide range of
application. When they come into contact with water or aqueous liquids, dry
xerogel material which normally forms powders, granulates or beads, changes
into a gel-like substance due to the liquid sorption. Besides surface adsorption,
the swelling phenomenon is caused 1) by capillary pressure of the open porous
structure of the cross-linked polymer network which induces the physical filling
of the pores with water (1), and 2) by osmotic pressure which is the major driving
force in the water absorption and swelling of gels. It is caused by differences in
the chemical potential inside and outside of the absorbing polymer particles (2).

© 2012 American Chemical Society
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The extend and rate of absorption depend on the wettability, strongly influenced
by hydrophobic vs. hydrophilic properties of the polymer, and furthermore on
pore volume, pore length and radius, as well as external forces, such as gravitation
and pressure load (1).

Hydrogels can be obtained from synthetic polymers (3) and biopolymers
(4–7). They are synthesized by cross-linking of branched or unbranched polymer
chains to a three-dimensional network (4–7) or by cross-linking polymerization
which is simultaneously synthesizing polymer chains and cross-linking them (3).
Hydrogel-forming polymers have hydrophilic properties and are normally water
soluble. Due to cross-linking they become water-insoluble, but swell by solvent
absorption (2).

In view of the swelling phenomenon of hydrogels, the contribution of the
electrostatic interaction between water-swellable polymers to the equilibrium with
the osmotic pressure has to be considered as an expansive pressure. This so-
called polyelectrolyte effect is caused by ionic functional groups of the polymer
(2). For example, gels with weakly acidic groups are deprotonated in alkaline
media. Consequently, the density of negatively charged groups within the network
strongly increases, connectedwith an increase ofmobile counterions inside the gel,
and phase transition due to electrostatic repulsion of polymer chains is induced. In
acidic media, the acidic groups of the gel are protonated and both, charge density
and concentration of mobile counterions within the hydrogel decrease, causing gel
shrinking (5, 6).

Hydrogel-Forming Polymers and Cross-Linking Procedures

Most of the commercial hydrogels featuring superabsorbent properties are
based on acrylic acid. They are obtained by solution radical polymerization
(3). Such cross-linked polyacrylates play an important role as absorbants in
sanitary products and diapers. Other gel-forming polymers, such as poly(vinyl
pyrrolidones) (8) and poly(vinyl alcohols) (9–11), are used in technical or
biomedical applications. Since the late 1970s, besides polymerization, grafting
of polymerizable ethylene-type monomers (e.g. acrylic acid, methacrylic
acid, acrylamide, maleic anhydride) on to polysaccharides, such as starch
or cellulose as graft base has been accomplished, yielding hydrogels with
suberabsorbant properties (12–14). Synthetic superabsorbent polymers and
hydrogels are also used in food packaging, in agriculture (15, 16) or as so-called
stimuli-responsive smart hydrogels which are applied as sensors, actuators and
valves in microsystems technology (2).

In the last two decades, much efforts have been made in research and
development of hydrogels based on biopolymers. Such biobased materials,
which are an environmentally friendly alternative to synthetic hydrogels and
superabsorbants, can be obtained by derivatization and chemical cross-linking
of polysaccharides, such as cellulose (17), hemicelluloses (18), and starch
(4–6, 19, 20) forming covalently bonded chemical networks after chemical
modification. The swelling properties and rheological characteristics of such
chemical networks can be controlled by adjusting the cross-linking density
and the cross-linking agent employed (4). Such materials are preferably used
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in biomedical applications (e.g. tissue engineering, ultrasonic contact gels)
(4), pharmacy (drug delivery / carrier systems), food technology (thickening
agents, stabilizer), and technical applications such as waste water treatment
(7). Most swellable and stable gels can be obtained from carboxymethyl (4,
7), hydroxypropyl (21) and phosphate derivatives (5, 6, 19) of cellulose and
starch which can be cross-linked with diamines (22), dicarboxylic acids (4,
19), diepoxides (17), or multifunctional sulfur compounds (23). Alternative
approaches are thermal (24, 25) or electron-beam induced cross-linking (26).
Some of the polysaccharides such as carrageenans, alginates, and pectins which
possess polyelecrolytic properties caused by carboxyl groups (polyuronides:
alginates, low-methylated pectins) or sulphate groups (carrageenans) form
thermo-irreversible ionotropic gels with divalent ions e.g. calcium (pectins,
alginates, ι-carrageenans) (27, 28). Cross-linking of ionotropic gels is realized by
the formation of ionic bonds between carboxylate anions of the polysaccharide
and corresponding multivalent counterions (27).

Lignin-Based Hydrogels

In comparison with the multiplicity of approaches dealing with
polysaccharide-based hydrogels, the chemical modification of lignin - the most
abundant biopolymer next to cellulose - for the preparation of hydrogels is
less widely used. This is due to the hydrophobic nature and the complex and
heterogeneous structure which make a chemical utilization of lignin difficult.
Nevertheless, in the last three decades few attempts have been made to modify
technical lignins in order to obtain water-swellable lignin-based materials. Just
as other polymers used for gel synthesis, preparation of lignin hydrogels requires
a certain degree of chemical modification and cross-linking. Some authors
report chemical cross-linking of kraft lignin, water-soluble lignosulfonates, or
chemically modified lignin e.g. hydroxypropyl lignin (29) with formaldehyde (30,
31), glutaraldehyde (32), α–epichlorhydrin (33–35), or diepoxy compounds (29).
Other approaches deal with the copolymerization of lignin with poly(acrylamide)
and poly(vinyl alcohol) (36). All materials obtained had comparatively low
water swelling capacities < 10 gH2O ggel-1 (33–35). Some of them are reported
to be potentially used as encapsulating materials for slow release of bioactive
compounds or fertilizers in agricultural applications (30).

Besides Lindström´s approach which described cross-linking of milled wood
(33) and kraft lignin (34, 35) with epichlohydrin, a promising work concerning
lignin-based hydrogels was communicated by Nishida et al. (37, 38) who reported
chemical cross-linking of birch hydrolysis lignin (BHL) with poly(ethylene)
glycol diglycidyl ether (PEGDGE). The BHL-PEGDGE gels obtained had
comparatively low water swelling capacities (8.5 gH2O ggel-1) which was found to
be temperature dependend and strongly influenced by cross-linking density and
the average number of ethylene oxide groups of PEGDGE used. Interestingly, the
gels were reported to be swellable in aqueous EtOH with a maximum swelling
(14.5 gaq.EtOH ggel-1) at a concentration of 50% EtOH(v/v).

Following Nishida´s approach, Passauer et al. (39–43) investigated strongly
water absorbing lignin hydrogels with significantly increased free swelling
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capacities up to 75 gH2O ggel-1which were obtained by cross-linking of different
either unmodified or oxidatively pre-activated technical lignins with PEGDGE.
Such lignin hydrogels could be potentially used as water storing soil conditioners
which not only enhance the soil water retention but also could contribute to soil
fertility as natural source of soil humic substances (42). In the following, some
novel and fundamental results concerning the preparation and characterization
of such oligo(oxyethylene)-lignin hydrogels and the corresponding xerogel
counterparts - the latter were obtained by different drying techniques - are
summarized.

Materials and Methods

Preparation of Lignin Hydrogels

Materials Pine kraft lignin Indulin AT (IND, MeadWestvaco, Charleston,
USA). Spruce organocell lignin, in the following referred to as organosolv
(OS) lignin (organocell pulping: MeOH/ NaOH/ anthraquinone [AQ]), lignin
precipitated with sulfuric acid at pH 4; former Organocell GmbH Munich,
pilot plant Munich – Pasing, Germany). H2O2 (Merck, Darmstadt, Germany).
Poly(ethylene) glycol diglycidyl ether (MW~526 g mol-1; Sigma Aldrich,
Steinheim, Germany).

Oxidation of OS lignin was accomplished with hydrogen peroxide in alkaline
media as described in (39, 42): 5 g of lignin was dissolved in 8ml of 3.3M aqueous
NaOH solution at ambient temperature. After 24 h of stirring, 1 ml aqueous
hydrogen peroxide (5 %, v/v) was added drop-wise and the reaction mixture was
stirred for another 24 h at r.t.

IND was pre-activated by Fenton-oxidation (39, 42). For this, 5 g of lignin
was suspended in 10 ml of de-ionized water. After 30 min stirring, 0.11 mmol of
FeCl2·4H2O glig-1 was added and the suspension was stirred for another 30 min. 1
ml of aqueous hydrogen peroxide (5 %, v/v) was subsequently added dropwise.
The suspension was stirred for 24 h at r.t. and was air-dried at r.t. Pre-activated
lignins are indicated as OSox and INDox, respectively.

Cross-linking of unmodified lignins and oxidized OS lignin was performed
with PEGDGE (see below) according to Nishida et al. (37, 38) as described in
(39, 42). Briefly, 5 g of unmodified or Fenton-oxidized IND was dissolved either
in 8 ml (OS lignin) or 10 ml of 3.3 M aqueous sodium hydroxide solution (IND,
INDox). After 24 h of vigorous stirring at r.t., 0.5 mmol of PEGDGE glig-1 were
added drop-wise until the viscosity was drastically increased by gel formation.
H2O2-oxidized OS was cross-linked by adding the same amount of PEGDGE
immediately after oxidative treatment. The resulting gels were thoroughly washed
and neutralized with de-ionized water. Xerogels were obtained by different drying
techniques.

Preparation of lignin xerogels was conducted as decribed in (39): Air drying
of hydrogel granules was conducted at 80°C in a drying chamber UM-300
(Memmert, Schwabach, Germany). For film formation, swollen gel samples were
coated on microscope slides and were air-dried either at r.t., 50°C, or 80°C.
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Lyophilization was performed in a self-built system (high vacuum pump
Edwards E2M5, Doucaster, UK; cooling trap Bachofer, Reutlingen, Germany;
dessicator) at ambient temperature and 4 Pa after freezing swollen hydrogel
samples at 253 K in a freezer.

Critical point drying (CPD) of swollen gel samples was carried out with a
POLARONE3000 critical point dryer (POLARONEquipment Ltd,Watford, UK).
For dehydration of swollen samples, EtOH and acetone were used as intermediate
fluids and supercritical carbon dioxide (scCO2) as transitional fluid (Tcrit = 31°C,
Pcrit = 7.39 MPa).

Material Characterization

Light microscopic (LMi) images of swollen hydrogel and dried xerogel
particles were recorded with a reflected-light stereoscopic zoom microscope
(RLMi) Nikon SMZ-U (Nikon Corp., Tokyo, Japan) connected with a TSO
digital CMOS microscope camera (Thalheim-Spezial-Optik, Pulsnitz, Germany)
and a transmitted-light microscope (TLMi) Jenamed variant (Carl Zeiss, Jena,
Germany).

Polarized light microscopy (PolMi) of OS-PEGDGE-films and xerogels
was performed with a Zeiss AXIOPLAN microscope (Carl Zeiss, Göttingen,
Germany) connected with a Zeiss digital camera AXIOSAM MRc5 (Carl Zeiss
MicroImaging, Göttingen, Germany).

Scanning electron microscopic (SEM) images of the surface of xerogel
samples were obtained with a scanning electron microscope unit JEOL T330A
(JEOL Ltd., Tokyo, Japan), operating at 15 kV acceleration voltage. For SEM
analysis, dried xerogel samples were double-coated by vaporizing their surface
with a 40 nm carbon layer under high vacuum (vaporizing unit Emitech K950
carbon coater, Emitech Ltd., Ashford, UK) and finally sputter-coating with a 30
nm gold layer (ion sputter Jeol JFC 1100E, Jeol Ltd., Tokyo, Japan).

Free (re-)swelling capacity (FSCaq, FReSCaq; [gH2O ggel-1]) values of lignin
hydrogels were calculated according to Equation 1 from the amount of de-ionized
water (aq) a certain amount of the dry gel granulate (mXG; XG: xerogel) can absorb
and retain against gravitation in fully swollen state (mHG; HG: hydrogel):

mXG corresponds to the solid content of the swollen hydrogel which was
determined after drying the swollen gels at 105°C.

Cyclic swelling/ shrinking and associated determination of FReSCaq were
conducted by fivefold repeating of swelling/ shrinking procedures. For this,
swollen gels were initially air-dried at 80°C in a drying chamber until constant
weight was reached and then re-swollen with de-ionized water. FReSCaq values
were determined just as FSCaq gravimetrically.

Rheology: Dynamic measurements were carried out at 20°C with an
oscillation rheometer ARES (TA Instruments; Newcastle, DE, USA) using the
plate-plate geometry (Ø 25 mm). In order to determine the linear viscoelastic
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region, strain sweep tests were conducted in a range from γ = 0.01-1. Frequency
sweeps were measured in a range from ω = 0.1-100 rad s-1. For the measurements
partially (water content 50 % of FSCaq) and fully swollen hydrogel samples from
alkaline granulates (particle size 50 µm – 1,000 µm) were used.

Chemical Characterization of Parent and PEGDGE-Modified Lignin

Determination of phenolic OH groups: Acetylation of parent and PEGDGE-
modified lignins was accomplished according to (44) (Scheme 1a). Phenolic OH
groups of lignins were determined by selective aminolysis of peracetylated lignin
samples with pyrrolidine and quantification of the resulting 1-acetylpyrrolidine by
gas chromatography (45) see Scheme 1b; internal standard: propionylpyrrolidine,
synthesized according to (46). GC conditions: GC/ FID autosystem Perkin-Elmer;
column: Roticap®-5MS (0.25 µm x 30m x 0.25mm); carrier gas: He (2mlmin-1);
combustion gases: H2 (30 ml min-1), synthetic air (310 ml min-1), temperature
program 160°C, 4 min; injector temperature: 230°C, detector temperature 250°C;
software: TotalChrom Workstation 6.3.1 (Perkin-Elmer, Waltham, MA, USA).

Scheme 1. (a) Acetylation of lignin structures with acetic anhydride in pyridine
and (b) aminolysis of phenylacetates with pyrrolidine in dioxane with formation

of 1-acetylpyrrolidine (45).

FTIR ATR spectroscopy: FTIR ATR spectra of parent and PEGDGE-cross-
linked lignin samples as well as corresponding acetylated counterparts were
recorded with a Thermo Scientific Nicolet iS5 MIR FT IR spectrometer (Thermo
Fischer Scientific Inc., Waltham, MA, USA) equipped with a deuterated triglycin
sulphate (dTGS) detector using the ATR accessory id5. The spectra were
measured in a spectral range from 4,000 to 500 cm-1 and at a spectral resolution
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of 4 cm-1. For each spectrum, 32 scans were added. Base-line correction and
vector-normalization of spectra was carried out using the OPUS software version
6 (Bruker Instruments, Billerica, MA, USA).

Results and Discussion

Morphology and Swelling Properties

Cross-linking of both parent and oxidatively modified IND as well as OS
lignin with PEGDGE were found to afford hydrogels that have typical gel
morphology (Figures 1a and b).

Figure 1. Light-microscopic images from swollen OSox-PEGDGE hydrogel
particles: (a) never-dried gel bloc, (b) re-swollen gel granulate, (c)

SEM-micrograph of an alkaline OSox-PEGDGE gel granulate after air-drying
at 80°C.

In comparison with hydrogels based on epichlorhydrin-cross-linked kraft
and milled wood lignin ((33–35); FSCaq < 10 gH2O ggel-1), PEGDGE-cross-linked
birch hydrolysis lignin ((37, 38); BHL-PEGDGE; FSCaq = 8.5 gH2O ggel-1) or
pine kraft lignin Indulin AT ((39, 40, 42); IND-PEGDGE; FSCaq = 8.0 gH2O
ggel-1), cross-linking of unmodified OS lignin yielded hydrogels with strongly
increased FSCaq values up to 27.4 gH2O ggel-1 (Figure 2). Hence, despite a similar
functionality of kraft and OS lignin (47), cross-link ability with PEGDGE and
swelling properties of the corresponding PEGDGE-cross-linked products strongly
differ. This is supposed to be caused by different polymeric properties of the
lignins used. For instance, spruce OS lignin possesses a significantly diminished
average molecular weight ((47); Mw OS = 2.25 103 g mol-1) and polydispersity
(Mw/Mn OS = 3.75; (47)) compared with kraft lignin Indulin AT ((48); Mw IND
= 19.8 103 g mol-1, Mw/Mn IND = 9.0, Mw/Mn OS = 3.75). In that context it was
observed that OS lignin was much better soluble in aq. NaOH than IND and,
therefore, one may assume that OS lignin is more accessible for the etherification
with PEGDGE than Indulin AT.

Oxidation of OS lignin with aq. H2O2 in alkaline medium and subsequent
cross-linking with PEGDGE further promoted the gel formation and enhanced the
FSCaq values significantly up to 72.5 gH2O ggel-1 compared with their non-activated
counterpart that reached values up to 27.4 gH2O ggel-1 (Figure 2).
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Figure 2. Water retention capacity (WRC) of Indulin AT (IND) and organosolv
lignin (OS) and FSCaq values of PEGDGE-cross-linked unmodified and

pre-oxidized (ox) lignins.

This should be due to the oxidatively induced structural changes of lignin, e.g.
hydroxylation of aromatic rings and the formation of secondary hydroxyl groups
in the side chain and was verified for oxidized Indulin AT which was modified
in terms of a Fenton-type pre-oxidation step (43). The corresponding PEGDGE-
cross-linked hydrogels (INDox-PEGDGE) possessed significantly increased FSC
values compared with gels from non-pre-activated Indulin AT (IND-PEGDGE)
((42); Figure 2). Thus, in terms of cross-linking lignin with PEGDGE and the
properties of the resulting hydrogels, both phenolic and aliphatic OH groups play
a key role.

The improved swelling ability of PEGDGE-modified lignins compared with
alternative types of lignin hydrogels, e.g. gels cross-linked with epichlorhydrin
(33–35), is mainly caused chemically by 1) the hydrophilicity of the ether oxygen
of oligo(oxyethylene) (OOE) substituents which were introduced by PEGDGE-
mediated cross-linking of lignin, 2) the formation of new secondary hydroxyl
groups which are formed during the oxirane ring opening of PEGDGE (Scheme
2) and 3) physically by the microstructure of PEGDGE-modified lignin which
is much more loosened and porous (Figures 3b, c) than those of parent lignin
(Figure 3a). The latter form aggregates with dimensions in the range from 10 -
50 µm (Figure 3a). These lignin aggregates are composed of spherical particles
with diameters < 600 nm due to self-association of lignin fragments acting as
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colloidal seed points in alkaline lignin solutions and grow in number and size
during precipitation of lignin from spent liquor (49). In contrast, SEM images
of OS-PEGDGE xerogel which was obtained after CPD of the swollen gel, reveal
a nanoscaled (particle Ø 50 - 100 nm), loosened and porous fractal cluster structure
(49) which strongly promotes water absorption and swelling of the material.

Scheme 2. Proposed reaction scheme of PEGDGE-mediated cross-linking of
phenolic lignin substructures under alkaline conditions.

Figure 3. SEM micrographs of (a) parent OS lignin and OS-PEGDGE hydrogel
after CPD (b, c).

As is shown in Figure 4, both lyophilized OSox-PEGDGE xerogels and
samples which were air-dried under comparatively harsh conditions (80°C)
are, nevertheless, well re-swellable in water (swelling/ shrinking cycle 1) and
possess FReSCaq values of 43.3 gH2O ggel-1 and 38.4 gH2O ggel-1, respectively.
The corresponding alkaline granulate which was obtained by air-drying of the
alkaline gel bloc at 80°C possesses a drastically decreased absorption capacity
< 20 gH2O ggel-1 which could be indicative of 1) a thermal post-cross-linking
reaction between PEGDGE and lignin substructures which causes a increased
cross-linking density which lowers the swelling ability, 2) a collapse of the porous
structure of the material due to the drying procedure, and 3) intermolecular
interactions between adjacent OOE substituents. The morphology of such an
alkaline gel granule is shown in Figure 1c.
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Figure 4. FSC value of a never-dried OSox-PEGDGE hydrogel (black bar) and
FReSC values of the corresponding lyophilized (dark gray bar) and air-dried
xerogel (light gray bar) as well as alkaline xerogel granulate (white bar).
Air-drying of swollen/ re-swollen hydrogels was conducted at 80°C.

Cyclic swelling/ shrinking measurements reveal decreasing FReSCaq values
(Figure 4) for each lyophilized and air-dried xerogels as well as alkaline gel
granulate. In comparison with the never-dried OSox-PEGDGE hydrogel which
absorbs 72.5 gH2O ggel-1, FReSCaq values of both lyophilized and air-dried xerogel
were almost halved after the 1st (43.3 vs. 38.74 gH2O ggel-1), 2nd (20.68 vs. 14.32
gH2O ggel-1) and 3rd (12.70 vs. 6.32 gH2O ggel-1) swelling/ shrinking cycle and
converge against 6.0 gH2O ggel-1 after the 5th re-swelling. The water absorption of
the alkaline xerogel counterpart is much lower after the 1st re-swelling (15.15 gH2O
ggel-1) and possesses only 3.22 gH2O ggel-1 after the 5th swelling/ shrinking cycle,
which is probably caused again by 1) thermal post-cross-linking of lignin with
PEGDGE during air-drying of the alkaline gel bloc at 80 °C, and 2) a collapse of
the microporous structure due to the drying procedure (Figure 1c). In contrast,
lyophilization seems to be the gentlest method to convert lignin hydrogels into
re-swellable xerogel structures (Figure 5).

Air-drying of lignin gels which were coated on microscope slides at ambient
and elevated temperatures (50, 80°C) effects the formation of glassy and brittle
films which are hardly or not at all re-swellable in water (41). The reasons
suggested for the swelling inhibition of air-dried OS(ox)-PEGDGE xerogels
and films are 1) the local collapse of microporous structures, 2) the formation
of lamellar, semicrystalline structures and 3) association complexes between
introduced OOE substituents, both caused by the formation of hydrogen bonds
between OOE substituents (50). Chatterjee and Sethi (51) reported the formation
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of interpolymer association complexes between OOE and polyphenolic structures
which could contribute to swelling inhibition of lignin-based xerogels.

Figure 5. OS-PEGDGE xerogel after lyophilization; (a) light-microscopic image,
(b) polarized-light-microscopic image. (c) Hydrogel particle after re-swelling in

de-ionized water.

Examination of lignin gel films with different light-microscopic techniques
points to the formation of such highly ordered semicrystalline structures: Between
cross-polarizers, lamellar and banded interference patterns along drying cracks
(bright reflexes) which are concentrically arranged around amorphous parts (dark
regions) are visible (Figures 6b and c). Such lamellar and banded structures
were also observed with transmission light-microscopy (Figure 6a). In contrast
to air-dried films, lyophilized xerogels possess only minor proportions of such
banded interference patterns between cross-polarizers (Figure 5b) indicating an
amorphous structure and diminished interactions between OOE substituents and
phenolic substructures of lignin.

Figure 6. OS-PEGDGE xerogel film after air-drying at 50°C; (a)
light-microscopic image, (b) under polarized light and (c) under polarized light

(after air-drying at 80°C).

Mechanical Properties

A dynamic oscillatory measurement is the most suitable method for
describing polymer networks and allows a calculation of the viscous and elastic
properties of the materials investigated (52). The variation of the rheological
parameters determined, i.e. the storage modulus G´, the loss modulus G´´,
the loss factor tan δ (ratio G´´/G´), and the dynamic viscosity η* with the
frequency of oscillation, provides a mechanical spectrum which is typical for
each diluted polymer solution, concentrated polymer solution, and strong gel
(53). Exemplarily, two rheo-mechanical spectra of G´, G´´, tan δ and η* for a
OSox-PEGDGE hydrogel are shown in Figure 7.
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Figure 7. Dynamic viscosity η*, storage (G‘) and loss modulus (G“), and loss
factor tan δ of an OSox-PEGDGE hydrogel in (a) partially (50% FSCaq) and

(b) fully swollen state (100% FSCaq).
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For η*, a linear decrease of about three orders of magnitude within the
measured frequency range (0.08-100 rad s-1) was observed for both the partially
(Figure 7a) and the fully swollen sample (Figure 7b), revealing the typical
rheological behavior of a polymer network and hydrogel structure, respectively
(4, 52, 53). Both, G´ and G´´ slightly increase linearly, and G´ was half an order
of magnitude higher than G´´. This shows that with increasing shear frequency
more energy is dissipated (viscous part) and stored (elastic part). Such a behavior
is also typical for cross-linked gel structures which possess a dominating elastic
component (52, 53), and it indicates a certain mechanical sturdiness of the
materials. This is supported by the loss factor tan δ. At tan δ < 1.0, G´ is
the dominating material function which is of particular importance concerning
different potential applications of lignin hydrogels, e.g. as water storing material
for soil improvement (42, 54) which requires an enhanced resistance of the
gel material to compressive and shear forces occurring in soil, particularly by
soil cultivation. In further investigations it was shown that the rheological
material functions could be adjusted by different amounts of PEGDGE and it was
pointed out that swelling in terms of FSCaq and hydrogel´s stiffness are opposing
parameters (42).

Chemical Structure of PEGDGE-Modified Lignins

A comparison of the FTIR ATR spectra of OS lignin (Figure 8a) with the
cross-linked counterpart (Figure 8b) clearly reveals differences in the frequency
range 3.000-2.800 cm-1 and the finger print region 1.750-750 cm-1 of the spectra,
which is the result of the cross-linking reaction of lignin with PEGDGE.

The unmodified spruce OS lignin shows typical and intense signals which are
related to aromatic skeletal vibrations (1.595 cm-1), aromatic skeletal vibrations of
non-conjugated guajacyl units (1.510 cm-1), aromatic in-plane C-H deformation
vibrations (1.030 cm-1), and aromatic C-H out-of-plane deformation vibrations in
2,6-positions (855 cm-1; syringyl units) and in 2,5,6-positions (815cm-1; guajacyl
units). Signals at 1.463 and 1.452cm-1 are related to δas(C-H) in methyl and
methylene groups of the lignin side chain and methoxy groups, respectively (55,
56).

The appearance of very intense bands at 1.125 and 1.085 cm-1 which were
assigned to υ(C-O-C) and δ(C-O) clearly indicates the introduction of OOE groups
(-CH2-CH2-O-) due to the cross-linking reaction of OS lignin with PEGDGE
(Figure 8b). This is supported by the increased intensity of the bands at 2.930,
2.870, and 2.835 cm-1 which are related to υas(C-H) and υs(C-H) in methylene
groups of OOE. The decreased intensities of the signals at 1.510 and 815cm-1

which are typical for guajacyl units (55, 56) would be indicative of cross-linking
by the etherification of phenolic OH groups of guajacyl units - which dominate
in conifer lignins - with PEGDGE. Secondary OH groups which are formed due
to the ring-opening of the epoxide groups of PEGDGE (Scheme 2) were verified
by the band at 1.085 cm-1 which is not only related to δ(C-O) of OOE but also to
secondary alcohols (57). Because both signals overlap, the contribution of each
is hard to evaluate.
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Figure 8. FTIR ATR spectra of (a) OS lignin and (b) OSox-PEGDGE lignin; G:
guajacyl, OOE: oligo(oxyethylene) substituent.

The FTIR ATR spectra of the acetylated counterparts allow a more detailed
consideration of the structural differences between OS lignin (Figure 9a) and the
PEGDGE-modified sample (Figure 9b).

It is clearly visible that the intensities of the very strong bands at 1.765
and 1.740 cm-1 which are related to υ(C=O) of phenolic (OAcphen) and aliphatic
acetates (OAcaliph) (58, 59) changed after PEGDGE-cross-linking of lignin. Both,
the decreasing intensity of υ(C=O) of OAcphen at 1.765 cm-1 and the increasing
strength of υ(C=O) of OAcaliph at 1.740 cm-1 after PEGDGE-modification of
lignin are indicative of the etherification of phenolic OH groups with PEGDGE
and the formation of new secondary OH groups due to the ring-opening of the
epoxide groups of PEGDGE (Scheme 2). This is supported by wet-chemically
determined values of OHphen which amounts to 5.96 % for parent OS lignin and
2.4-2.8 % for lignin counterparts cross-linked with 0.5 mmol PEGDGE glig-1.
Hence, 55-60 % of OHphen were etherified in the course of cross-linking OS lignin
with PEGDGE under the selected reaction conditions. A correlation between
wet-chemically determined OH group contents of PEGDGE-modified lignins
based on acetylated samples with FTIR spectroscopic data, which is extensively
described for technical lignins (58–60), is the subject of current investigations.
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Figure 9. FTIR ATR spectra of per-acetylated samples of (a) OS lignin and (b)
OSox-PEGDGE lignin.

Conclusions

Simultaneous derivatization and chemical cross-linking of pine kraft and
spruce organosolv lignin with PEGDGE was shown to be a suitable means of
preparing water-swellable and mechanically stable lignin hydrogels featuring
rheological properties of typical polymer networks. Hydrogels have been
usually obtained by polymerization of hydrophilic acryl derivatives (e.g. acrylic
acid or acryl amide) or subsequent cross-linking of water-soluble or at least
hydrophilic polymers. The present method describes an unconventional pathway
to obtain swellable materials with hydrogel character from hydrophobic kraft
or organosolv lignin. FTIR ATR spectroscopic investigations and selective
aminolysis of peracetylated lignin and PEGDGE-modified samples pointed out
that the cross-linking reaction mainly occurred by an etherification reaction
between the phenolic OH groups of lignin and PEGDGE. It was shown that the
resulting oligo(oxyethylene) lignin hydrogels which absorb more than 70 gH2O
ggel-1 (FSCaq) are well re-swellable in water after converting them into the xerogel
form reaching FReSCaq values < 40 gH2O ggel-1. Several repetitions of swelling/
shrinking cycles revealed a successive diminishment of FReSCaq values of each
air-dried, lyophilized and alkaline xerogels. Microscopic investigations suggest
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that this phenomenon is most likely caused by the local collapse of microporous
structures and morphological changes, which occurred during the dehydration
of the lignin hydrogels and which are assumed to be mainly induced by the
formation of hydrogen bonds between OOE substituents as well as between OOE
substituents and phenolic substructures of lignin.
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Chapter 12

Lignin Model Compound Studies To Elucidate
the Effect of “Natural” Mediators on

Oxidoreductase-Catalyzed Degradation of
Lignocellulosic Materials

P. Nousiainen,*,1 J. Kontro,1 P. Maijala,2 E. Uzan,3
A. Hatakka,2 A. Lomascolo,3 and J. Sipilä1

1Department of Chemistry, Laboratory of Organic Chemistry,
University of Helsinki, P.O. Box 55 (A.I. Virtasen aukio1),

Helsinki 00014, Finland
2Department of Food and Environmental Sciences,
University of Helsinki, P.O.Box 56 (Viikinkaari 9),

Helsinki 00014, Finland
3Aix-Marseille Univ., UMR 1163 Fungal Biotechnology,
163 avenue de Luminy, Case 925, 13009 Marseille, France

*E-mail: paula.nousiainen@helsinki.fi

Eco-efficient biotechnological applications are important
innovations for modern industrial developments.
Oxidoreductases, e.g. laccases and manganese peroxidases
(MnPs), provide interesting possibilities. In many cases
these enzymes require low molecular weight co-substrates
to mediate oxidation. In this study, various types of lignin
model compounds were investigated both as mediators
and as final targets to find out their effect and potential
in oxidation reactions, catalyzed by laccases and MnPs.
Especially acetosyringone and methyl syringate mediated
the laccase-catalyzed oxidation. These phenolics were also
found to facilitate MnP-catalyzed reactions of non-phenolic
compounds. Oxidation potentials, pH and chemical stability of
the mediator affected the oxidation efficiency.

© 2012 American Chemical Society
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One of the most important challenges in modern industrial development is
the advancement of eco-efficient and eco-friendly applications. This challenge
also requires the use of plant biomass as feedstock of fuels, chemicals and energy,
to reduce our dependence on fossil-originated materials (1–3). Attributed to the
rapid advancement of modern biotechnology and genetic engineering, enzymes
are studied as economically feasible and environmentally friendly industrial
biocatalysts, to hone the required chemical conversions in future biorefineries
(4–6).

Plant biomass is a complex arrangement of biomolecules. It is generally
considered to consist of polymers with variable chemical labilities, from
relatively labile (e.g. sugars, starch, pectin, hemicellulose, and cellulose) to more
recalcitrant materials (e.g. lignin, suberin, and cutin) (7, 8). Cellulose and starch
are already thoroughly exploited and found in several technical applications in
the chemical industry. In the cases of hemicelluloses and lignin, the utilization
of these raw materials has been much more cumbersome. Although produced in
large quantities, i.e. in wood pulping, so far these polymers have been utilized as
a source of energy, rather than being further refined to a chemical feedstock. In
vascular plants hemicelluloses and lignin make up roughly half of the dry weight
of the cell walls, in approximately equal proportions. The particular technical
interest in lignin is that, contrary to (hemi)celluloses, lignin is a polyphenol and
thus a potential natural source of aromatics, for the chemical industry. Lignin has
the potential role as a raw material, for example, in the production of renewable
fuels, adhesives, binders, antioxidants, carbon fibers and bulk chemicals in
general (9, 10). However, its widespread industrial utilization still awaits the
relevant breakthroughs.

The significant problem with the utilization of lignin is its heterogenous,
polydisperse and complex three-dimensional structure and its location in the cell
wall interwoven with the carbohydrate matrix (11, 12). The lignin macromolecule
is formed through enzymatically initiated oxidative radical polymerization, with
the main building blocks of three monolignols; p-coumaryl alcohol, coniferyl
alcohol and sinapyl alcohol. According to their relative proportions lignins can
be identified as softwood, hardwood and grass lignins. Monolignols are mainly
linked by arylglycerol-β-aryl-ether (β-O-4′), phenylcoumaran (β-5′) and resinol
(β-β′) linkages, with numerous other substructures in smaller amounts, but the
actual mechanism of the polymerization process in cell tissues has not been
completely established (11, 13, 14). The molecular weight, structural features and
amount of lignin vary between different plant species and also on how the lignin
material is isolated. Despite the combination of modern analytical techniques,
used for structural elucidation, the exact structure of processed and native lignins
remains undefined. Due to these difficulties in separation and analysis of lignin,
simpler model compounds are commonly applied in matters of lignin structure
identification and reactivity.

Oxidative enzymes, such as peroxidases and laccases, intimately participate
in lignin biosynthesis but they are also key catalysts in lignin biodegradation.
They are therefore a potential source for industrial ligninolytic biocatalysts
(5, 6). Wood decaying white-rot fungi secrete extracellular ligninolytic
enzymes (lignin-degrading oxidative enzymes), including lignin peroxidases
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(LiP, EC 1.11.1.14), manganese peroxidases (MnP, EC 1.11.1.13), versatile
peroxidases (VP, EC 1.11.1.16) and laccases (EC 1.10.3.2 p-diphenol:oxygen
oxidoreductases). Peroxidases show the ability to degrade and even mineralize
lignin to carbon dioxide and water, through intermediate formation of organic
radicals and diffusible, oxidative mediators (15–17). Most ligninolytic fungi
secrete the peroxidase enzymes LiP or MnP that have stronger oxidation capacity
than laccases. The expression of MnP together with laccase is more common than
that of LiP, but there are also some fungi, e.g. Pycnoporus cinnabarinus, which
appear to produce mainly laccase, and degrade lignin even without apparent
peroxidase activity (18).

Ligninolytic basidiomycetes (white-rot fungi) produce laccases with the
highest redox potentials, but often the wild-type enzymes do not meet the
demands of industrial applications in regard to stability or thermotolerance.
The enzyme production levels also remain unsatisfactory. For the generation of
tailor-made laccases the preliminary step includes screening of the promising
enzymes from natural sources, with subsequent purification and characterization,
followed by gene cloning and molecular breeding (19–22). While the focus in
lignin degradation has been on basidiomycetes and their enzymes, ascomycetes
have not been studied intensively. In these fungi, the ability to produce laccase
seems to be more common than the ability to produce peroxidases. Genetic
engineering and heterologous production of the ascomycete enzymes has so far
been more straightforward than that of basidiomycetes (23).

Laccases belong to a superfamily of multi-copper oxidases forming therein
a phylogenetically divergent group of the so-called “blue oxidases”. They
are extracellular glycoproteins of about 500 amino acid in length (typically
55–85 kDa) and contain four copper atoms, distributed in one mononuclear
(T1) and one trinuclear (T2/T3) domain, in the active site of the enzyme. The
substrate is oxidized monoelectronically at the T1 copper domain. The electron
is transferred intramolecularly to the trinuclear center, which accepts the electron
at the oxygen-binding site, thus reducing molecular oxygen altogether, by four
electrons with concomitant excretion of water (24, 25). Laccases are capable of
catalyzing the oxidation of a wide range of organic substrates, such as phenols and
polyphenols, aromatic amines, thiols, heterocyclic compounds and even inorganic
salts (26). Most oxidative biochemical applications have focused on laccases that
can already be produced on an industrial scale and can be tailored by modern
biotechnological means. The wide substrate spectrum, stability of laccases
towards chemical solvent systems, thermostability and the lack of significant
substrate inhibition has made laccases feasible for industrial applications (27).

Ligninolytic extracellular peroxidases have the advantage of having higher
redox potentials and thus also broader substrate range than laccases. Ligninolytic
peroxidases contain a heme prostethic group (iron(III) protoporphyrin IX) at their
active sites. Their catalytic cycle involves the two-electron oxidation of iron(III)
porphyrin IX by hydrogen peroxide, to give the highly reactive oxoiron(IV)
porphyrin IX π-cation radical (compound I). This returns to its resting state after
two consecutive one-electron reductions via the compound II-intermediate, by
electron donating substrates (28). Manganese peroxidases oxidize Mn(II) to
reactive Mn(III), which acts as diffusible mediator. Mn(III) requires organic
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acids, such as oxalic or malonic acid, to provide stabilization by chelation. It
oxidizes phenolic compounds directly, or in turn oxidizes a second mediator,
e.g. thiols or unsaturated fatty acids and their derivatives, for the degradation
of non-phenolic compounds (29, 30). The drawbacks of lignolytic peroxidases
are their limited commercial availability and problematic activity. They require
hydrogen peroxide, but are also inhibited by excess of peroxide (31). This means
that the control of constant peroxide production is essential to carry out effective
oxidation (32–34). In the case of MnP also the requirement of manganese
chelators and suitable co-oxidants restricts their use in biotechnical applications.

Both peroxidases and laccases exhibit low substrate specificity and catalyze
substrate oxidation by a mechanism involving free radicals. Reactions catalysed
by laccases and peroxidases produce organic radicals through one-electron
abstractions from organic substrates. These radicals can undergo various
spontaneous follow-up reactions independent of enzyme activity, such as
polymerization by radical coupling, aromatic ring cleavage, or C–C bond cleavage
(35). Laccases and manganese peroxidase/Mn(III)-chelates, accompanied with
their low redox potential characteristics, are capable of initial oxidation/cleavage
of phenolic lignin units that often comprise less than 10% of the polymer (22).
Laccase enzymes must be in direct contact with their substrate molecules to carry
out oxidation. As lignins on average are high-molecular weight polymers with
complex 3D structures and the access of the enzyme is further restricted by the
compact structure of the plant cell wall, laccases need low-molecular weight
compounds to transfer the oxidation further (27).

The lively research on laccases and laccase mediators has revealed that
combined with a co-catalyst, acting as so called redox mediators or enhancers,
the range of laccase substrates may be considerably extended to more recalcitrant
materials, e.g. non-phenolic lignin moieties and environmental xenobiotics. As a
consequence, potential biotechnical applications of laccases now include a wide
spectrum of applications, such as decolorization and detoxification of effluents
from the textile and dyestuff industries, in the pulp and paper industries, treatment
of olive mill wastes, coffee pulp, the degradation and detoxification of recalcitrant
waste water pollutants (chlorophenols, endocrine disrupting compounds (EDCs),
polycyclic aromatic hydrocarbons (PAHs), pesticides and insecticides) and
immobilization of soil pollutants, as well as various other applications, such as
wood fiber modification, biosensors and organic synthesis (6, 36–39).

Most of the mediators studied so far have been synthetic compounds, based
on nitrogen heterocycles, such as TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxyl
) or HBT (1-hydroxybenzotriazole). The mediator–substrate oxidation has been
reported to occur either according to an ionic mechanism, e.g. TEMPO and its
analogues, or a radical mechanisms. The radical mechanisms proceed by electron
transfer (ET) with e.g. ABTS [2,2-azinobis-(3-ethylbenzothiazoline-6-sulphonic
acid)], or hydrogen atom abstraction (HAT) with e.g. HBT (40, 41). The
exploitation of laccase mediators in industrial processes has been limited, since
they are expensive in the amounts required for oxidation processes and they
mostly are problematic from an environmental perspective. Recently, it has been
found that some natural substances, derived from syringyl-type plant phenolics,
can be good substrates for laccases. They produce radicals with sufficiently
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long life-times and abilities to mediate the oxidation to substances which
are recalcitrant towards oxidation by laccases (28–30). Simple syringyl-type
phenolics are potentially cheap and readily available in down-streams from
hardwood pulping industry wastes (42, 43). Natural phenolics react further in
laccase-catalyzed reactions, resulting in environmentally sustainable processes.
Thus, several lignin-related natural phenols have been investigated as laccase
mediators for pulp bleaching (42, 44) and removal of lipophilic extractives from
pulp (45, 46). In this work, we have compared the effect and potential of several
phenolic compounds as laccase mediators in reactions with simple lignin model
compounds. Syringyl-type phenolics mediate oxidation reactions even by laccases
with low redox potential. The efficiency of mediators was significantly enhanced
by high redox potential Pycnoporus laccases when the pH of the reaction medium
was adjusted to retain the stability of the mediator. Interestingly, we also found
that phenolic mediators clearly boosted the manganese peroxidase-catalyzed
oxidations in a reaction system with no external addition of hydrogen peroxide.

Experimental

Myceliophthora thermophila laccase (NS 51003, redox potential of T1 Cu of
0.46 V; pH 4-9), kindly provided by Novozymes, Bagsvaerd, Denmark, was used
as commercial feedstock without further purification. The high redox Pycnoporus
cinnabarinus ss3 laccase, from the monokaryotic hyperproducing strain ss3
(0.75 V, optimal pH 4.0 with pH range 3.5-6), Pycnoporus coccineus BRFM
938, Pycnoporus sanguineus BRFM 902 and P. sanguineus BRFM 66 were
from INRA Marseille, France. Laccase activity and stability were determined
as previously described (47), determining the oxidation of 2,6-dimethoxyphenol
to the corresponding dimeric product (48), and ABTS (49), respectively. Lignin
model compounds and mediators (Figures 1 and 2) were synthesized according to
methods described in the literature (47).

Veratryl alcohol (1), veratraldehyde, syringaldehyde (SA, 11), acetosyringone
(AS, 10), HBT (14) and 1,3,5-trimethoxybenzene were of commercial grade.
Typically, the oxidation of non-phenolic model compounds was performed at
room temperature (22 ºC) in vials that contained 50 mM succinate buffer and 20%
(v/v) 1,4-dioxane. The solution was 12 mM in respect to substrate, mediator and
1,3,5-trimethoxybenzene as internal standard. Laccase activity in the reaction was
5, 20 or 200 nkat/ml. Samples of the reaction mixture were collected at 0 h, 2-3
h, 24 h and 48 h. The conversion of the model compounds was monitored onan
HPLC Agilent 1200 with quantification on a detection wavelength of 270 nm.

Manganese peroxidase (MnP) activity was measured at 270 nm by the
formation of Mn(III)-malonate complexes, as described by Wariishi et al. (1992)
(50). In experiments with MnP, each reaction mixture (1 ml) was 3 mM of
substrate (lignin model compound), 3 mM of phenolic mediator, 10 mM of
MnSO4, 12 mM of 1,3,5-trimethoxybenzene (TMB, internal standard) and 13
nkat manganese peroxidase Phlebia sp. Nf b19 (Nematoloma frowardii b19) (51).
The solvent system consisted of 50 mMmalonic acid/25 mM oxalic acid buffered
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to pH 4.5, 5.0 and 5.5, containing 20% (v/v) 1,4-dioxane. The lipid peroxidation
system was 30 mM of linoleic acid and 3% Tween 80 in 50 mM acetate buffer
of pH 4.5.

All reactions were performed in buffered organic solutions to keep both the
initial substrate and non-phenolic target substrate dissolved in the solvent system,
in order to efficiently catalyze enzymatic oxidations.

Figure 1. Phenolic and non-phenolic lignin model compounds studied as
mediators and final targets for reactions by oxidoreductases.

Figure 2. Phenolic and synthetic compounds studied as mediators for reactions
by oxidoreductases.
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Results and Discussion

Effect of Laccase Redox Potential

Laccases from different sources exhibit a wide range of redox potentials
differing from typical plant laccases around 0.4 V to wood rotting fungal laccases
with up to 0.7-0.8 V redox potentials. M. thermophila laccase belongs to
ascomycete low-redox potential laccases, with a T1 redox-potential of 0.48 V
and P. cinnabarinus ss3 represents high-redox laccases, with a T1 redox potential
of 0.75 V. The substrate oxidation step involves the electron transfer from the
reductant to the T1 Cu site in the protein active site. The substrate specificity is
conferred by structure–activity relationships near this site and not at the trinuclear
cluster. According to Xu (1997) the catalytic efficiency (kcat/Km) of laccases for
some reducing substrates depends linearly on the redox potential of the T1 copper,
meaning that the higher the potential difference between the T1 site acceptor and
the substrate donor the higher the catalytic efficiency (52). Other factors, such
as solvent accessibility, dipole orientation, and H-bonding, also contribute to the
tuning of reduction potentials (53). Syringyl-type phenolic compounds possess
an aromatic ring with two electron-donating methoxy substituents ortho to the
phenolic position. These electron-donor substituents lower the redox potential of
the phenols thereby making the enzymatic oxidation easier (54).

In our earlier paper (47), the mediating capacity of ten simple syringyl-type
phenolics, of plant origin, was examined and compared with the common
synthetic hydroxylamine mediators HBT (14) and N-hydroxyacetanilide (NHA,
15), with regard to their ability to act as mediators in the low redox potential M.
thermophila laccase oxidation of non-phenolic lignin model compounds (Figure
1). The oxidation of veratryl alcohol (1) to veratraldehyde in aqueous dioxane
was monitored by HPLC (Table I). Acetosyringone (AS, 10) and methyl syringate
(MeS, 17) especially demonstrated the ability to mediate the oxidation of high
oxidation potential substrates by a low redox potential laccase, even at low
mediator concentration levels (1:10, mediator to substrate ratio). Importantly,
at low mediator to substrate ratio they seemed to be more effective than the
commonly used commercial hydroxylamines NHA and HBT (47). This is also
in accordance with Babot et al. (2011) who applied low laccase and phenolic
mediator doses in pilot-scale trials for pulp delignification and pitch removal,
obtaining good results with moderate and low mediator concentration, thus
enabling cost-efficient pulping (46).

The most common structural unit in lignin, arylglycerol β-ether (β-O-4′; 3-
6), represented by the non-phenolic guaiacylglycerol β-guaiacyl ether, adlerol (4),
was oxidized by aM. thermophila laccase-mediator system. With acetosyringone,
methyl syringate and HBT as mediators and a substrate:mediator ratio of 1:1, the
system gave less than 5% of adlerone, the corresponding α-carbonyl derivative.
The most effective mediator in experiments with M. thermophila laccase proved
to be NHA, capable of producing 15% adlerone from adlerol (Table I).
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Table I. Oxidation of veratryl alcohol to veratraldehyde and adlerol to
adlerone (substrate:mediator ratio 1:1) byM. thermophila laccase (NS 51003)

Veratraldehyde yield %
Reaction time, hours

Adlerone yield %
Reaction time, hours

Mediator 24 48 24 48

No mediator 0 0 0 0

14 HBT pH 6.0 13 20 2 <5

15 NHA pH 6.0 33 40 9 13

10 AS pH 6.0 18 23 3 4

17 MeS pH 6.0 22 28 3 <5

The condensed units phenylcoumaran (β-5′; 7) and syringaresinol (β-β′;
9b) were much more resistant to mediated oxidation by the low-redox potential
laccase-mediator-system. An interesting reactivity was found with the condensed
biphenyl 4-O-methylated dibenzodioxocine structure (8), considered to be the
main branching point in softwood lignin with comparatively high abundance (11,
55). This compound was easily oxidized by all mediators at its biphenylic benzyl
position with 30-80% conversion, depending on the mediator. The product was
isolated from the reaction mixture and verified by NMR.

The HAT oxidation mechanism has been proposed to be involved for
hydroxylamine–type mediators, where oxidation of the target non-phenolic
compound occurs when it possesses moderately weak C-H bond in benzylic
α-position (41), thus omitting the redox restrictions of non-phenolic substrates.
This mechanism was proposed to be involved also for phenolic mediators (56,
57). The results obtained from the electrochemical oxidation of benzyl alcohols,
by several phenolic compounds, support this mechanism (58). In the same study
was observed that the redox potentials of the phenolic compounds seem to have a
negligible effect on their catalytic efficiency.

Syringaldehyde (SA, 11), acetosyringone (AS, 10) and also NHA (15) were
oxidatively degraded or coupled during the five day period that the reactions were
followed. According to findings by Kawai et al. (1989), a considerable amount
of syringaldehyde is oxidized to 2,6-dimethoxyhydroquinone and eventually
2,6-dimethoxy-p-benzoquinone, in laccase-catalyzed mediated reactions (59).
This can be attributed to the ability of syringyl radical species to undergo
concurrent reaction by disproportionation, leading to the corresponding stabilized
cation (phenoxonium ion). Nucleophilic attack on these arylcations produce
the corresponding quinones. In the case of syringaldehyde, used in 10:1
substrate:mediator ratio, undesirable secondary reactions took place consuming
syringaldehyde in a few hours, which explains the low mediating effect of this
phenol. Even when a higher mediator ratio (1:1 substrate:mediator) was used,
only a 5% conversion was achieved. Significant differences were found between
mediators in their stability and mediating efficiency. The observed stabilities
of the syringyl-type mediators in the reaction system with the M. thermophila
laccase were from the highest to lowest: methyl syringate≫ acetosyringone >
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syringaldehyde. Other compounds tested, such as the 5-hydroxy vanillin (12)
and two sinapic acid esters (13,16), proved to be unstable under the applied
conditions, with less than 5% mediating capacity.

The oxidation of veratryl alcohol to veratraldehyde by the high redox
potential laccase P. cinnabarinus ss3 was effectively mediated by HBT, NHA, AS
and MeS resulting in 40-100% conversion. HBT was clearly the most effective
of the mediators studied (Table II). The efficiency of HBT was even more
pronounced in the oxidation of adlerol to adlerone, with 90% conversion, whereas
the other mediators mentioned above gave only 5-10% conversion. The oxidation
of adlerol by P. cinnabarinus ss3 with HBT as a mediator produced solely the
α-carbonyl product adlerone, without any α-β cleavage of the side chain.

Table II. Oxidation of veratryl alcohol to veratraldehyde and adlerol to
adlerone with substrate:mediator ratio 1:1 by P.cinnabarinus laccase ss3

Veratraldehyde yield %
Reaction time, hours

Adlerone yield %
Reaction time, hours

Mediator 2-3 24 48 3 24 48

No mediator 0 0 0 0 0 0

14 HBT pH 4.5 22 98 100 10 63 90

15 NHA pH 4.5 25 36 40 7 9 11

15 NHA pH 6.0 ND ND ND 1 5 13

10 AS pH 4.5 6 6 7 ND ND ND

10 AS pH 6.0 1 17 40 0.5 3 5

17MeS pH 4.5 5 9 9 ND ND ND

17MeS pH 6.0 1 18 40 0 2 6

11 SA pH 6.0 1 1 3 0 0 0.5

ND=not determined

The laccases from the species P. coccineus and P. sanguineus, originating
from subtropical and tropical environments (strains BRFM 938, BRFM 66 and
BRFM 902), were studied in Uzan et al. (21). It was found that HBT, AS and
MeS efficiently mediated the oxidation of veratryl alcohol (32–100%) by these
laccases. The synthetic mediator HBT was the most effective in the oxidation
of both veratryl alcohol (100%) and adlerol (86%), using BRFM 66 laccase. AS
was as effective as MeS, with oxidation of veratryl alcohol 30–40%, after 48 h of
incubation with all three laccase systems. Adlerol was significantly oxidized only
by laccase-HBT systems, yielding 33–86% adlerone, which was 10- to17-fold
more than using laccase-“natural” mediator systems. Marked differences were
thus found in oxidation of veratryl alcohol and adlerol by the three enzymes. The
reactivities were in the order: BRFM 66 > BRFM 938 > BRFM 902 for veratryl
alcohol, and BRFM 66 > BRFM 902 > BRFM 938 for adlerol, suggesting that the
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substrate specificities of the three laccases might have some effect on mediated
oxidation of non-phenolic substrates (21).

The Effect of pH on Mediating Power and Stability of Syringyl-Type Laccase
Mediators

Fungal laccases usually show pH optima in acidic media. The pH optimum
depends on the substrate used, e.g. for the oxidation of ABTS they are generally
lower than 4.0, while with phenolic compounds like guaiacol and syringaldazine
they exhibit higher values between 4.0 and 7.0 (60). Many ascomycete laccases
with pH optima close to neutral (pH 6-8) have been described. The ascomycete
M. thermophila laccase has a wide working pH range with a pH optimum around
pH 6 and P. cinnabarinus ss3 is a typical fungal laccase with optimal pH of 4 and
pH range of 3.5-6. The inhibitory effect generated by the binding of a hydroxide
ion to the type 2/type 3 coppers of laccase (which inhibits the activity at higher
pH), contributes to the pH activity profile of the fungal laccases (52). On the
other hand, phenol oxidation to a phenoxy radical is favored in presence of the
phenolate form, meaning that higher pH favors the initial oxidation process. The
pKa values for methyl syringate, syringaldehyde and acetosyringone are 8.7, 7.0
and 7.8, respectively (52).

Based on the results received by high redox potential laccase P. cinnabarinus,
on oxidation of veratryl alcohol (Table II), the mediating effectivity of
acetosyringone was further studied in a system using veratryl alcohol and P.
cinnabarinus ss3 enzyme in solutions of 50 mM buffered sodium succinate pH
4.5, 5.0, 5.5 and 6.0. In Figure 3 the amount of veratraldehyde formed in the
oxidation is presented as a function of reaction time. The results show that
acetosyringone performed best at pH 6, during the 48 h reaction time, with 30%
yield of veratraldehyde. At pH 5.5 the reaction was faster giving the oxidation
product in 25% yield, during a 24 h period, after which the reaction did not
proceed further.

Figure 3. Oxidation of veratryl alcohol to veratraldehyde (%) by Pycnoporus
cinnabarinus laccase ss3 with acetosyringone (AS, 10) or syringaldehyde (SA,
11) as a mediator (substrate:mediator ratio 1:1) at different pH, followed over

48 h at 22 ºC.

238

D
ow

nl
oa

de
d 

by
 O

H
IO

 S
T

A
T

E
 U

N
IV

 L
IB

R
A

R
IE

S 
on

 A
ug

us
t 2

8,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 A
ug

us
t 1

7,
 2

01
2 

| d
oi

: 1
0.

10
21

/b
k-

20
12

-1
10

7.
ch

01
2

In Functional Materials from Renewable Sources; Liebner, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Syringaldehyde deteriorated even faster at all tested pHs, mediating only
4% conversion of veratryl alcohol to veratraldehyde under the optimum pH 5.5
conditions. The side reactions were accelerated under acidic conditions where
the mediator was consumed to give the corresponding p-benzoquinone and most
likely dimers and polymerized polymeric products as well. The results show that
the optimum pH for the oxidation of the target substrate was influenced by the
stability of the oxidized mediator, rather than the optimal pH for laccase.

Oxidation Reactions by Manganese Peroxidase (MnP)

In order to study the effect of different mediators in the MnP-induced
oxidation reactions, by Phlebia sp. Nf b19 (Nematoloma frowardii b19), three
oxidation systems were studied: lipid peroxidation (29), Mn(III) malonate
chelate with in situ peroxide production by glucose oxidase (61) and a system
with phenolic mediators where hydrogen peroxide was generated directly from
oxalic acid (62) in malonate buffer. The results in Table III show that the
lipid-MnP-system, which already possessed a mediator in the form of lipid
radical, readily oxidized veratryl alcohol to veratraldehyde with ca. 4.5%
conversion. Interestingly, the systems with syringyl-type mediators oxidized the
non-phenolic model compound veratryl alcohol, much more efficiently than the
lipid-MnP-systems.

Table III. The oxidation of veratryl alcohol to veratraldehyde by manganese
peroxidase Phlebia sp. Nf b19 (Nematoloma frowardii b19) in lipid and

phenolic mediator systems, over 48 h

Mediator system Veratraldehyde (%)

Linoleic acid 4.5

10 AS pH 5.0 9.2

10 AS pH 5.5 5.5

17 MeS pH 5.0 9.9

17 MeS pH 5.5 7.3

Conclusions
The results demonstrate that the oxidation efficiency of laccases is enhanced

by lignocellulose-derived syringyl-type aromatic mediators: in particular
acetosyringone and methyl syringate effectively mediate the oxidation of
comparatively high oxidation potential substrates, even with a low redox
potential M. thermophila laccase. The results also show that the efficiency of
these mediators can still be enhanced by high redox potential laccase, e.g. P.
cinnabarinus ss3. The high performance of synthetic mediator HBT under the
same reaction conditions clearly demonstrates that further improvement on the
stability of these natural-type mediators is required. Also, the side products
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formed by oxidation of phenolic mediators should be studied further. The study
shows that the effect of pH for the reaction is crucial when exploiting phenolic
mediators. For example, the critical pH for the oxidation reaction catalyzed
by Pycnoporus laccase is around 5.5. A lower pH in the reaction medium
leads the mediated oxidation reactions towards degradation of the mediator
by acid-catalyzed side reactions. In addition, the results suggest that reactions
catalyzed by MnP of the white-rot fungus Phlebia sp. Nf b19 are likewise
facilitated by the presence of syringyl-type mediators.
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Chapter 13

Novel Functions of Non-Ionic, Amphiphilic
Lignin Derivatives
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Technical lignins including water-insoluble isolated lignins
were easily converted to water-soluble derivatives by the
reaction with several types of epoxidized polyethylene glycol
derivatives. The resulting lignin-based derivatives were soluble
in water and organic solvents, thus having amphiphilic property.
We found novel functions of the amphiphiles, such as the uses
as cellulase-aid agent and cement dispersant in addition to the
surfactant action. This article reviews the functions in relation
to the development of biorefining processes for Japanese woody
biomass.

Introduction

An amphiphile is defined as a substance which is soluble both in water and
organic solvents, sometimes including a substance having just affinity for both
solvents without being soluble. An amphiphile is composed of a hydrophobic
moiety and a hydrophilic moiety. In solution it forms an aggregate, for example
a micelle, by intermolecular interaction. In aqueous environment, such micelle
may surround droplets of oil, and allows oil to be dispersed in water. This
micelle formation is referred to as self-assembly of molecules in the case of an
amphiphilic polymer. Self-assembly becomes self-organization, when it shows a

© 2012 American Chemical Society
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definite orientation of molecules. Self-organization of molecules has a variety of
applications, and it draws attention as an important technique to fabricate novel
materials, because it saves costs and energy (1).

Woody biomass has received much attention as an alternative resource,
with regard to the public perception of the depletion of fossil resources, their
environmental impact, and the risk of nuclear power generation. Conversion of
lignin to a value-added material is a key process to achieve a complete biorefining
system of woody biomass. Lignin is a phenolic macromolecule biologically
synthesized according to an enzymatically mediated, dehydrogenative radical
coupling process (2). A considerable amount of lignin is produced worldwide as
a byproduct by pulp and paper industries and bioethanol production plants that
require exclusively cellulose from woody biomass. These lignins produced this
way are called technical lignins, and they are generally used by combustion for
heat and energy production. Kraft pulping, a major chemical pulping process
employed worldwide today, is the most important contributor to the production
of lignin.

The authors have focused on the utilization of technical lignins with regard to
biorefining of woody biomass. We have developed a technique to convert technical
lignins to amphiphilic derivatives with self-assembling ability for a wide variety
of applications. This review will give an overview of our studies, dealing with
functions and applications of amphiphilic lignin derivatives.

Water Solubility of Isolated Lignins and Their Conversion to
Amphiphiles

Lignin consists of C9-phenylpropanoid units connected at different positions
which give the inter-unit linkages their name. The β-O-4 type ether bond are
the major (50 % and more) linkage type (2). The β-O-4 bonds are cleaved
effectively upon kraft pulping. As a result of the ether cleavage, considerable
amounts of phenolic hydroxyl groups are formed which render the resulting
lignin (kraft lignin; KL) soluble in aqueous alkali (Figure 1) (3). Organosolv
pulping, performed in an organic solvent, produced lignin, termed organosolv
lignin that is soluble in the organic solvent used in the pulping process. Thus,
those isolated lignins from wood are generally not soluble in water under acidic
or neutral conditions.

By contrast, lignosulfonate (LS), produced according to the sulfite pulping
process that uses aqueous bisulfite solution, is a rare exception and it is soluble in
water at neutral pH. This is because sulfonic acid groups are introduced into lignin
during this pulping process. Accordingly, LS can be classified as a water soluble,
anionic polyelectrolyte. LS is also an anionic surfactant because it is composed of
aromatic groups as hydrophobic moieties and sulfonic acid groups as hydrophilic
functional groups. Based on these unique properties, only LS - among technical
lignins - is utilized as a cement dispersant (4) and as an electrode environment in
lead batteries (5) on a commercial basis.
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Figure 1. Cleavage of β-O-4 type lignin interunitary linkages and formation of
phenolic hydroxy groups during kraft pulping.

Although some researchers already tried to solubilize lignin in water by
carboxymethylation (6) and hydroxypropylation (7), mimicking conventional
derivatization approaches of cellulose, the yields of the resulting water-soluble
derivatives were not satisfactory. Furthermore, sulfonation was also investigated
by at least two research groups (8, 9).

We made an attempt to solubilize KL and organosolv lignin in water, by
introducing polyethylene glycols (PEGs) as a hydrophilic moiety to the lignins,
instead of introducing small hydrophilic functional groups.

Figure 2 illustrates PEG derivatives used in our studies, which are epoxidized
PEGs. Compounds A (PEGDE) and C (DAEO) were commercially available
and were kindly provided from a chemical company (Nagase ChemTech Co.
Ltd., Japan). Compound B (EPEG) was prepared in our laboratory, by reacting
compound A with sodium ethoxide (10).

A general procedure of derivatization of isolated lignins was as follows.
Isolated lignin (10 g) was dissolved in 100 mL of aqueous 1 M NaOH. To
the solution, a given amount of an epoxidized PEG was added. The mixture
was heated at 70 °C for 2 h. The completion of the reaction was confirmed
by observing that no precipitation was formed under acidic condition after the
addition of glacial acetic acid. The reaction mixture was neutralized with glacial
acetic acid and the non-reacted matter was removed by ultrafiltration. A purified
lignin derivative was then collected by lyophilization (10). The resulting lignin
derivatives are soluble in water, chloroform, and alcohols, but sparingly soluble
in tetrahydrofuran, suggesting that they are amphiphilic.
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Figure 2. Epoxylated polyethylene glycols (PEGs). A), polyethylene glycol
diglycidylether (PEGDE); B), ethoxy (2-hydroxy)propoxy polyethylene glycol

glycidylether (EPEG); C), dodecyloxy-polyethylene glycol glycidylether (DAEO).

We finally prepared such amphiphilic derivatives from softwood and
hardwood kraft lignin (KL) (11), acetic acid lignin (AL) as an organosolv lignin
(10), and soda lignin (SL) obtained by the soda pulping of Japanese cedar wood
(12). A typical amphiphilic lignin derivative is schematically shown in Figure 3.

Figure 3. Schematic image of PEGDE-AL as a typical amphiphilic lignin
derivative.
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Surface Activity of Amphiphilic Lignin Derivatives

Surface activity is the most important property of amphiphiles. It can be
evaluated by measuring the surface tension of the aqueous solution at the water-air
interface. Critical micelle concentration (CMC) and surface tension at CMC are
important indicators of surface activity. Surface tension of water vs. concentration
of various amphiphilic lignin derivatives is shown in Figure 4. The PEGs (typically
shown as PEG 20,000 in Figure 4) and epoxidized PEGs such as PEGDE and
EPEG on their own (only EPEG data shown in Figure 4) did not give clear CMC
values, thus not showing any significant surface activity, although they lowered
surface tension very slightly. Amphiphilic lignin derivatives, on the other hand,
significantly lowered surface tension of water, giving distinct CMC values. It was
concluded that derivatization of hydrophobic lignins with hydrophilic PEGs added
high surface activity to the lignins.

Figure 4. Isotherms of surface tension of water plotted against concentration of
amphiphilic lignin derivatives. Surface tensions of water at CMC are indicated
in caption. Numbers on left in parentheses indicate frequency of repeating units
of ethylene oxide, while numbers on right indicate weight ratio of PEGs to lignin.
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DAEO (compound C in Figure 2) has a surface activity on its own, as was
expected from its structure which is composed of repeating units of hydrophilic
ethylene oxide and hydrophobic methylene moieties. An amphiphilic lignin
derivative from DAEO showed the highest surface activity among the three
types of lignin derivatives examined. This result proved that technical lignin
can successfully be converted to a surfactant with high surface activity by
derivatization with DAEO, without losing surface activity of original DAEO (11).

Amphiphilic Lignin Derivatives as Cellulase-Aid Agents for
Bioethanol Production

Amylase, a hydrolytic enzyme specifically cleaving α-1,4-glucan, is used for
the production of first-generation bioethanol from food crops, such as maize and
rice, as feedstock. Amylases are quite inexpensive enzymes. Second-generation
bioethanol is produced from woody biomass (lignocellulosics). As first step of
the bioethanol production, two saccharification options for cellulose are proposed;
one is acidic hydrolysis, the other is enzymatic hydrolysis. In this century, the
latter process based on cellulases, hydrolytic enzymes cleaving β-1,4-glucan, has
drawn much attention (13, 14). However, cellulases are still much more expensive
than amylases. Therefore, improvement of cellulase activity and/or its reuse are
matters of concern.

Immobilization is one of the possible ways to achieve repeated use of
cellulase. However, a conventional enzymatic digestion system, where the
enzyme is immobilized onto solid polymer support, is not suitable for cellulase,
since the hydrolysis does not proceed efficiently, due to the solid-solid reaction
between immobilized cellulase and a solid substrate like lignocellulosics. To solve
that problem, a concept of water-soluble immobilized cellulase was proposed in
1980s to enhance the hydrolysis rate of a solid substrate (15). Furthermore, one of
the main hindrances to use cellulase continuously over a long time at constantly
high activity levels lies in an irreversible adsorption of cellulase onto the
substrate. If woody biomass, consisting of the three major components cellulose,
hemicellulose, and lignin, is used as a feedstock for enzymatic saccharification,
careful attention should be paid to the adsorption behavior of cellulase not only
onto cellulose, but also onto lignin. Cellulase strongly adsorbs on cellulose by
their specific interaction, and on lignin by non-specific interactions (hydrophobic
interactions) (16), which makes cellulase liberation from lignin-containing
substrates very difficult.

We expected amphiphilic lignin derivatives to act as a water-soluble,
immobilizing support of cellulase that enables repeated use of cellulase and to
hinder the interaction between cellulase and substrate lignin. Our hypothetical
mechanism is illustrated in Figure 5.

We have already reported the changes in the rate of enzymatic hydrolysis
in the course of time (17), using Meicelase™ as a representative cellulase,
unbleached pulp as a lignin-containing substrate, and an amphiphilic lignin
derivative (PEGDE-AL) (18) as a cellulase-aid agent. Upon addition of the
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amphiphilic lignin derivative, the rate of hydrolysis was maintained at more than
80 % of the initial value after five times of usage. Without addition, the rate of
hydrolysis was only 20 % or less. The initial hydrolysis rate in the presence of
the lignin derivative was slightly larger than that without additives (19).

Figure 5. Mechanism of how an amphiphilic lignin derivative works as a
cellulase-aid agent. (A); without addition, (B); with addition of PEGDE-AL.

We thought that the rate of enzymatic hydrolysis could be improved by using
another lignin derivative having a higher surface activity and investigated the
effect of other derivatives. In this research, unbleached cedar pulp prepared by
soda pulping was used as a substrate. The pulp was furnished as a feedstock
for bioethanol production by a project of Forest and Forest Products Research
Institute, Tsukuba, Japan, under the sponsorship of Ministry of Agriculture,
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Forestry and Fisheries Japan. Genencor GC220™ was used as the cellulase.
Results are shown in Table 1. Both EPEG- and DAEO-based lignin derivatives
showed significantly higher rates of hydrolysis than PEGDE-based derivative
and control (no additive). Residual enzymatic activity is a more important factor
in evaluation of repeated usage of cellulase. The residual activity was greatly
improved by the addition of lignin derivatives, whereas it remained only at about
20 % without addition. The EPEG-based derivative caused the highest remaining
activity (78.4 %). While the DAEO-based lignin derivative showed higher surface
activity than EPEG-based lignin derivative (typically shown as in Figure 4), the
latter had a larger effect on cellulosic hydrolysis. Our result thereby indicated
that the effect of amphiphilic lignin derivatives on the enhancement of cellulase
activity was not simply dependent upon their surface activities.

Table 1. Enzymatic hydrolysis of unbleached cedar pulp with a cellulase
(Genencor GS220)

Additives Rate of hydrolysis1)
(%)

Rate of hydrolysis2)
(%)

Residual activity
(%)

PEGDE 54.8 61.2 24.9

PEGDE-AL 55.2 61.6 74.0

EPEG-AL 63.2 70.5 78.4

DAEO-AL 63.7 71.1 59.1

PEG 4.000 69.1 77.1 43.8

No additive 53.2 59.3 20.5

Table 1 also lists the result with PEG 4.000 as additive. A research paper
reported in 2007 that a PEG with a molecular weight over 4.000 remarkably
enhanced enzymatic hydrolysis (16). We examined PEG 4.000 in order to compare
its effect with those of amphiphilic lignin derivatives. PEG 4.000 improved
the rate of hydrolysis more significantly than the amphiphilic lignin derivatives
we developed, but it also gave a lower residual activity than the amphiphilic
lignin derivatives. This result suggests that PEG 4.000 and PEG-based lignin
derivatives have different mechanisms in improving cellulase activity (20). In
conclusion, we have successfully developed amphiphilic lignin derivatives to
provide cellulase-aid agents that maintain hydrolytic activity of cellulase for a
long period of time.

Cement Dispersants
LS, an anionic polyelectrolyte, is mainly used as a cement dispersant, which

reduces water content of concrete, as described so far. It is considered that LS
surrounds small particles of cement, and that electrostatic repulsion of anionic
moiety of LS enables the cement particles to disperse effectively even at relatively
low moisture content.
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We investigated a variety of amphiphilic lignin derivatives in terms of cement
dispersing capacity, and compared them with LS. We used soda lignin (SL) as
a source for amphiphiles, which was recovered by spray drying of black liquor
produced during soda pulping of Japanese cedar wood, as described in the former
section.

Flow value (Γ) was used for evaluating the dispersing capacity. A typical
procedure of flow value measurement was as follows: To an aqueous solution
containing a given amount of a lignin derivative and other additives, cement was
added and mixed vigorously for a prescribed time. The mixture was transferred
to a cylindrical vessel on a glass plate. After the forming process, the vessel was
removed and the mixture was allowed to develop on a glass plate. The diameter
of the developed, round-shaped cement was measured and the flow value was
calculated according to Japanese Industrial Standard (JIS R5201). The effect of
cement admixture (dispersant) is typically shown in Figure 6.

Figure 6. Effect of an amphiphilic lignin derivative as cement admixture on the
flow behavior of cement paste. (A); without admixture, (B); with admixture.

Figure 7 gives flow values of lignin derivatives and LS at 20°C. The LS used
was SANX P201™, kindly provided from Nippon Paper Chemicals Co. Ltd.,
Japan. EPEG-SL gives a higher flow value than LS. It is clear that EPEG-SL
has an excellent dispersing capacity, although it is a non-ionic surfactant, but not
an anionic surfactant like LS. DAEO-SL, however, shows even a lower dispersing
capacity than LS. This result suggests that the surface activity of amphiphilic lignin
derivatives does not directly correlate to their cement dispersing capacity.

Finally, the usefulness of the amphiphilic lignin derivatives in a cold region
is discussed. In Hokkaido (northern part of Japan), daily highs are less than 10°C
from late October to early May. It is important to develop cement dispersants that
work in a cold environment, since house building is carried out in any season these
days. We investigated the dispersing capacity at 6°C (Figure 8).

The dispersing capacity of LS did not depend on its concentration at low
temperature, suggesting that LS cannot work effectively as cement dispersant
under cold conditions. DAEO-based lignin derivatives did not work either,
whereas EPEG-based lignin derivatives exhibited a dispersing capacity at 6°C
which was just as high as at 20°C.
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Figure 7. Flow values at different concentrations of lignin-based cement
dispersants at 20°C. Numbers on left in parentheses indicate frequency of

repeating units of ethylene oxide, while numbers on right indicate weight ratio
of PEGs to lignin.

Figure 8. Flow values at different concentrations of lignin-based cement
dispersants at 6°C. Numbers on left in parentheses indicate frequency of

repeating units of ethylene oxide, while numbers on right indicate weight ratio
of PEGs to lignin.
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Conclusion

Amphiphilic lignin derivatives have several functions that conventional
surfactants never exhibit. It is especially surprising that non-ionic EPEG-based
lignin derivatives show a high cement dispersing capacity. It is our next target to
investigate in more detail the interaction between amphiphilic lignin derivatives
and cement particles, and the interaction between the amphiphiles and protein.
In other words, it is important to clarify the host-guest chemistry pertaining
to amphiphilic lignin derivatives, in order to fabricate lignin-derived materials
carrying even higher functionality.

In our studies so far, the effectiveness of SL as a cellulase-aid agent has not
been elucidated. But it is expected that SL-based lignin derivativeswould probably
exhibit positive effects on hydrolysis rate and/or residual activity of cellulase, as
observed in AL- and KL-based lignin derivatives. Therefore, also SL, a wasteful
by-product produced from soda pulping process as a pretreatment of cedar wood
for ethanol production, could be converted to useful, multifunctional materials,
which may reduce costs in the production of bioethanol significantly. We believe
that these research works will help to establish a biorefining system to fully utilize
woody biomass.
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Chapter 14

A Facile Approach for the Synthesis of
Xylan-Derived Hydrogels
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*E-mail: lucian.lucia@ncsu.edu

Xylan polysaccharides from Eucalyptus urograndis
wood were obtained by controlled extraction processes
to provide xylans with and without acetyl groups.
Xylans extracted were characterized by NMR and
subsequently used without previous modification to
prepare xylan/poly(2-hydroxyethylmethacrylate)-based
hydrogels in one-step by radical polymerization of
hydroxyethylmethacrylate (HEMA). Heteronuclear NMR
(HSQC) confirmed traces of lignin that were likely remnants of
the LCC (Lignin Carbohydrate Complexes). The availability
of double bounds localized in the remnant lignin functionalities
from the delignification step with peracetic acid under mild
conditions was the justification for the crosslinking. The
hydrogels were produced at two composition ratios of xylan to
HEMA (60:40 and 40:60) and further characterized by means
of their morphology, swelling, and rheological properties. All
hydrogels showed great homonogeneity, elasticity and softness,
whereas the presence of acetyl groups caused reduced capacity
for water uptake.

© 2012 American Chemical Society
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Keywords: xylans; hardwoods; hydrogels; renewable
resources

Introduction

Hydrogels are three-dimensional stable networks formed from physically
or chemically cross-linked hydrophilic polymers, forming insoluble polymeric
materials that can absorb and retain water in a multiple-fold excess of the hydrogel
mass (1, 2). They have gained increasing attention over the last several years
because of their attractive physico-chemical properties such as hydrophilicity,
soft and rubbery consistency, high permeability to metabolites and oxygen, and
resilience. Hydrogels closely resemble living tissues making them extremely
suitable for a variety of applications in the pharmaceutical and biomedical fields.
Furthermore, hydrogels have been exploited for diverse applications: in cartilage
or tendons, in bio-adhesives, in membranes, as scaffolds for tissue engineering,
as ocular lenses, and as drug delivery vehicles (3–5).

Natural polysaccharide-based hydrogels are currently showing potential
application in the biomaterials field because of their tunable functionality,
safety, biocompatibility, biodegradability, and high degree of swelling (6). We
have demonstrated recently the overall richness and tunability of the delivery
system based on the chemical functionality of xylan-based polysaccharides
(7). Moreover, the morphological, rheological and swelling properties of this
polysaccharide-based hydrogel biomaterial have been influenced by the acetyl
groups present on the xylan backbone.

Although a number of polysaccharides have been investigated for hydrogel
formulations, hemicelluloses have shown significant potential as a material
resource for hydrogels preparation (7, 8). Xylans are the most common
hemicelluloses and are considered to be the major non-cellulosic cell wall
polysaccharide component of angiosperms (9). Indeed, xylans’ intrinsic structure
exhibits a β-(1→4) linked D-xylosyl backbone with various side groups or
chains anchored to the O-2 and/or O-3 of the xylosyl residues depending on
the species and/or the extraction method. A sampling of the natural variety
of xylan structures is shown in Figure 1. The side chains mainly consist of
α-D-glucuronic acid, 4-O-methyl-α-D-glucuronic acid and several neutral sugar
units (α-L-arabinofuranose, α-D-xylopyranose or α-D-galactopyranose). Among
the common side groups are also acetyl groups, phenolic, ferulic and coumaric
acids (10). Moreover, it has already been demonstrated that hemicelluloses
associate with lignin (the famous Lignin-Carbohydrate Complexes or LCCs)
by covalent linkages (11–14) which confers versatile physical and chemical
characteristics to the xylans. Recent studies found that all lignin in wood exists
chemically linked to polysaccharides, and chemical treatments are not always
able to completely separate it from the LCC linkage and so the material properties
of the polymeric hemicelluloses have not yet been fully exploited (15, 16).
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Figure 1. Examples of xylan structures presenting different side groups
composition: A) methylglucuronic acid (MeGlcA), B) MeGlcA and acetyl groups,
C) no side groups, D) MeGlcA and α-L-arabinofuranose (α-L-Araf), E) MeGlcA
and α-L-Araf and β-D-Xylp-(1→2)-α-L-Araf and F) MeGlcA, acetyl groups and

ferulic acid (FA) 5-linked to α-L-Araf.
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Whereas many approaches to modify polymers or even use various synthetic
polymers to develop advanced gels with tailored properties have been considered,
xylans themselves appear to satisfy the requirement to produce advanced
hydrogels because of their multi-branched structural architecture and water
solubility, thus avoiding long and tedious processes to impart such functionality,
as well as the necessity to employ organic solvents sometimes under severe
conditions.

Based on the above considerations, a facile one-step hydrogel synthesis
exploiting xylan, one of the most available renewable resources on the globe and
a typical by-product from the wood industry, was performed without a priori
grafting of vinyl groups applied in case of spruce hemicellulose by Lindblad et al.
(8) by radical polymerization of 2-hydroxylethylmethacrylate (HEMA).

The aim of this work was therefore to produce xylan-based hydrogels in
a facile approach, using as a raw material xylans extracted from Eucalyptus
urograndis, by two different approaches to give xylans-based hydrogels with
different structural features and potential functionality. The obtained hydrogels
were characterized in terms of their morphology, swelling, and rheological
properties.

Experimental Part
Materials

2-Hydroxyethylmethacrylate (HEMA, 99%), ammonium peroxodisulfate
(98%), sodium perodisulfate (98%), sodium sulfate (99%), potassium hydroxide
(99%), and hydrogen peroxide (30%) were all purchased from Sigma-Aldrich
and used as received. Acetic acid (99.5%) was purchased from Acros Organics.
Organic solvents (ethanol (99%), methanol (99%), and acetone (99.9%)) were all
purchased from Sigma-Aldrich and used as received.

Isolation and Characterization of Xylan

The xylans used in this work were extracted from the hardwood Eucalyptus
urograndis. First, extractives-free sawdust of wood samples was subject to
delignification under the mild condition of 5% v/v peracetic acid (PAA) solution
(pH 4.5) at 65°C for 30 minutes to yield holocellulose. PAA solution was
prepared from acetic acid and hydrogen peroxide under cooling with an ice bath.
Acetylated xylans were solvent-extracted under stirring from the holocellulose
by DMSO for 12 hours at 50°C. Non-acetylated xylans were alkali-extracted
with KOH solution 24% (w/v) for 24 hours at room temperature according to the
literature (7).

Isolated xylans were characterized by sugar composition and HSQC NMR.
Sugar compositions were determined by high performance liquid chromatography
(HPLC) analysis after acid hydrolysis of the polymers. Xylans were first pre-
hydrolyzed by 72% (w/v) sulfuric acid at room temperature for 2 hours followed
by sulfuric acid-catalyzed (4% w/v) hydrolysis at 120°C for 1 hour (17). The
resulting solutions were diluted to the desired concentration and filtered through
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a 0.2 µm nylon filter before chromatographic analysis. They were analyzed on a
Dionex ICS 3000 IC system equipped with a CarboPac PA1 cartridge, an eluent
generator (EG50), and an electrochemical detector (ED50). The mobile phase was
18mMsodium hydroxide and all analyseswere conducted at a column temperature
of 25°C.

1H and HSQC NMR spectra were recorded on an AC 500 MHz Bruker
spectrometer at 30°C in a 5 mm tube in D2O. Sodium 3-(trimethylsilyl)propionate-
d4 was used as the internal standard (δ 0.00) and the operational parameters for
the NMR acquisitions were set as reported previously (18, 19).

Hydrogel Synthesis and Characterization

Xylan-based hydrogels were prepared from HEMA as the co-monomer and
varying the weight ratio of xylan to HEMA (60:40 and 40:60). In a typical
experiment, 225 or 100 mg of xylan was dissolved in 1.4 mL of deionized water.
Then, 150 µL of HEMA was added and the resulting mixture was then thoroughly
stirred for 2-3 minutes. 30 µL of water solutions of ammonium peroxodisulfate
and sodium pyrosulfite, both at 2% (w/v) were added to initiate the cross-linking
reaction and the solution was later transferred quickly to a cylindrical mold before
gelation. The mold was sealed with Parafilm™ and the mixture was left at room
temperature for at least 6 h before analysis. Scheme 1 represents the steps used
for hydrogel production.

Scheme 1. Isolation of xylans from eucalyptus wood and preparation of
xylan-based hydrogels.
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The formed hydrogels were characterized according to their rheological
properties, morphology, and swelling. Rheological measurements were performed
on a StressTech model rheometer (Reologica Instruments) for determination
of G’ (shear storage modulus) and G” (shear loss modulus). Cylindrical discs
(diameter = 8 mm and height = 4 mm) were cut from the hydrogels as prepared
and the rheological properties of the formed hydrogels were tested at parallel
plate geometry with a diameter of 8 mm. Dynamic frequency sweep test was
performed at 25°C with each sample at 5% of strain within a frequency range
from 10 to 0.1 Hz for both types of xylan-based hydrogels produced.

The morphology of the hydrogels was examined by field emission scanning
electron microscopy (FE-SEM) using a JEOL 6400F microscope operated with an
accelerating voltage of 5 kV, a working distance of 15 mm, and a 30 µm objective
aperture. A small hydrogel sized sample was affixed onto a conductive carbon
tape, mounted on the support, and then sputtered with an approximately 25 nm
thick layer of gold/palladium (60/40).

Hydrogel swelling ratio measurements were performed by freeze-drying the
gels and immersing them in deionized water at 37°C. At various times, the samples
were withdrawn from the water medium and weighed. The swelling (QS), was
calculated from: QS=(Ws-Wd)/Wd, where Wd is the weight of the dry gel before
swelling and Ws is the swollen state weight.

Results and Discussion

Isolation and Characterization of Xylans

First, carbohydrate-rich material or holocellulose was extracted from
Eucalyptus urograndis by treatment with PAA 5% for 30 minutes at 65°C and pH
4.5 as shown in Scheme 1. Mild delignification conditions were used to enable
the isolation of xylans having preserved lignin-xylan bonds that can provide
lignin double bonds to serve as an initiating point for hydrogel production. After
the PAA delignification step, acetylated and non-acetylated xylans were obtained
with DMSO at 50°C and potassium hydroxide 24% (w/v) at room temperature,
respectively.

Xylans obtained were characterized by structure (1H NMR and HSQC
NMR) and sugar composition. As expected, the sugar composition showed a
predominance of xylose for both types of extracts and minor amounts of other
monosaccharides such as glucose, mannose, rhamnose, and galactose. In fact,
the molar ratio of xylose to the other minor sugars detected was 0.82:0.18 for
non-acetylated xylan and 0.87:0.13 for acetylated xylans, which is similar to
previous results for xylans isolated from eucalyptus wood (18, 20). The xylans
obtained presented evidence of lignin contamination confirmed by NMR even
after extensive purification from solubilization-reprecipitation and dialysis. Both
the degree of acetylation and 4-O-methylglucuronic acid (MeGlcA) contents were
determined by 1H NMR to yield values that were approximately 0.61 and 0.10,
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respectively, which corroborated the values already published for other hardwood
species (21). The value for MeGlcA was approximately the same for both xylans.

HSQC spectra are presented in Figure 2. Figure 2A refers to non-acetylated
xylan as the acetyl group signal at ~ δ 2.0/20 ppm is absent. In both spectra,
xylan main chains have shown characteristic signals between ~ δ 3.2 and 5.0 ppm
in 1H NMR, in accordance with previous work (18, 20). The H/C cross-peaks
in Figure 1A for the xylan backbone can be clearly identified together with
the typical C-1, C-4 and MeO signals of MeGlcA in accordance with previous
work (18, 22). The variations in the spectrum (2B) are mainly due to presence
of acetylated sugar units in accordance with the data of the former reported
acetylated methylglucuronoxylan from eucalyptus wood (18, 19). However, the
signals between ~ 5.7 and 7.0 ppm clearly indicate olefinic protons likely due
to the presence of lignin fragments attached to the xylan chain preserved and/or
modified during the mild PAA delignification.

Indeed, the reaction between PAA and wood is relatively selective for lignin.
As stated before, the spectra of both xylans differed in the carbohydrate region.
However, differences were also seen between both spectra in the non-carbohydrate
region. It is possible to detect the typical signals for guaiacyl (G) and syringyl (S)
lignin units, which are typical of hardwood lignins. Several of the believed types
of the linkage in lignin-carbohydrates complexes isolated fromwood are presented
in Figure 3 (14, 23). These xylan structures are most likely found as components
of the holocellulose; as such, their linkages persist once they are extracted with
exception of ester linkages upon use of KOH 24% (w/v) as the extractant.

Modification of the side chain group of lignin by PAA is similar to that with
hydrogen peroxide (α,β-unsaturated aldehydes, conjugated double bonds and
α-carbonyl groups). Even though the mechanisms of the reactions between PAA
and lignin have not yet been completely elucidated, it is known that double bonds
can be created by reacting lignin substructures with PAA. Oxidative cleavage
of the aromatic rings of the lignin generates lactones (Figure 4A) and open
quinoid structures, such as muconic acid derivatives (Figure 4B) as well as maleic
acids derivatives (Figure 4C). The latter may likely be formed from p-quinones
generated by oxidation of syringyl and guaiacyl units (24). The formation of
double bonds in the open quinoid structures are essential for the cross-linking
when HEMA is used to produce xylan-based hydrogels.

Previous study on lignin compounds has identified vinyl-guaiacol and vinyl-
benzene (Figure 4D) as products of a reaction in acidic reaction with hydrogen
peroxide (25, 26). Random reactions of carbohydrates with hydroxyl radicals also
generate a degree of unsaturation and ketone thus promoting fragmentation of the
carbohydrate main chain (Figure 4E).

HSQC spectra (Figure 2) corroborate the formation of unsaturated fragments
as proposed in Figure 4. Signals observed at 5.9/100 ppm, 6.3/112 ppm for non-
acetylated xylan (Figure 2A) and 5.9/100 ppm, 6.2/118 ppm for acetylated xylan
(Figure 2B) were attributed to hydrogen linked to the double bond carbon.
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Figure 2. HSQC NMR spectra of xylans extracted from eucalyptus under mild
conditions with PAA. A) non-acetylated xylan and B) acetylated xylan.
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Figure 3. Main lignin-carbohydrate linkages: A) ester, B) phenyl glycoside,
C) and D) benzyl ether.

Figure 4. Conjectured products of the reaction of lignin (A-D) and carbohydrate
(E) with PAA.
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Preparation and Characterization of Xylan-Based Hydrogel

Both acetylated and non-acetylated xylans extracted from eucalyptus wood
were used to produce four hydrogel samples with two weight ratios of xylan
to HEMA (60:40 and 40:60). In general, hydrogels can be defined as a class
of polymeric-based materials prepared by covalent and/or physical cross-links
of polymers to form a 3D network (26). Furthermore, the presence of the
additional reactive sites would be beneficial for further crosslinking. Therefore,
the covalently linked fragments of lignin in the xylan chain would serve as
junction points for subsequent use of HEMA as a co-monomer to further enhance
the cross-linking and finally form a hydrogel without any modification in the
xylan structure.

Morphology and Rheological Properties

The morphology of the produced hydrogels is presented in Figure 5. Both
xylans (acetylated and non-acetylated) provide a rather homogeneous network,
thus contributing to the elasticity of the network (27). The trapped water
molecules are believed to hydrate and bind most of the hydrophilic sites, thus
providing homogenous water distribution throughout the polymer matrix (28).
Acetylated hydrogels provided more open structures with larger pores than their
non-acetylated counterparts. It can be seen from Figure 5 that the network of
the non-acetylated hydrogels contains rather small pores and agglomerates. One
possible explanation might be the contribution of water molecules to such an
entanglement-driven gelation in the case of more hydrophilic non-acetylated
xylan (7). The ratio xylan:HEMA did not affect the morphology of the hydrogels
and so, the ratio xylan:HEMA of 60:40 is displayed in Figure 5 in both cases.

Figure 5. SEM images of xylan-based hydrogels with xylan to HEMA ratio of
60:40. (Left: non-acetylated xylans and right: acetylated xylans).

Rheological properties of the resulting hydrogels were studied as obtained
from the reaction media at all different compositions (Figure 6). Results
revealed higher values for the storage modulus G’ than for the shear modulus
G”over the entire frequency range. Therefore, all the prepared hydrogels
have a more pronounced elastic versus viscous response. It is also important
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to note here that a frequency-independent behavior at lower frequencies
was observed for all the hydrogels. This is a clear indication for the stable,
cross-linked network. At higher frequencies, acetylated xylan-based hydrogels
maintained this frequency-independent behavior, whereas hydrogels fabricated
with non-acetylated xylans displayed an increase in the modulus, especially at
xylan:HEMA ratio of 60:40. A s previously reported by our group (7), the reason
for such behavior is related to a highly cross-linked polymer which would fail
under stress and rapidly stiffen. Therefore, is reasonable to suggest that the
extraction of xylans with sodium hydroxide may better maintain and/or form
more available unsaturated sites compared to the extraction carried out with
DMSO at 50°C.

Rheological properties of the xylan-based hydrogels are highly dependent
on the presence of the acetyl groups on xylan. Hydrogels from acetylated xylan
rendered approximately 10-fold increase in storage modulus at both ratios studied
(40:60 and 60:40). One possible explanation might be the more open morphology
of the acetylated xylan-based hydrogels enabling the formation of a mildly cross-
linked network and a large free volume. Such structures are capable of instant and
reversible response against external stresses with concomitant rapid rearrangement
of the polymer segments. Consequently, acetylated hydrogels provided slightly
higher stiffness when compared to their non-acetylated counterpart and therefore,
more solid-like structures were obtained.

Figure 6. Rheological behavior of hydrogels based on non-acetylated (left)
and acetylated xylans (right) with different xylan:HEMA ratios (top 40:60 and

bottom 60:40).
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Swelling Behavior

The cross-linking density of the network played an important role on the
water uptake (swelling) of the hydrogels. Open structures, with elevated free
volume contained more trapped water. The swelling ratio of the produced
hydrogels was monitored from 0.25 to 24 hours of immersion in water at 37°C.
Very stable hydrogels were obtained and no dissolution was observed for any of
them. The swelling behavior of all the hydrogels produced from different types
of xylans is presented in Figure 7. It can be seen that the swelling occurs very
quickly with all the hydrogels (approximately in one hour) after immersion in
water. Hydrogels based on the non-acetylated xylans trapped more water than
their acetylated counterparts. In fact, the swelling ratio (QS) of the non-acetylated
hydrogels is almost 2-fold those of the acetylated hydrogels. It can be postulated
that the hydrophobicity induced by the acetyl groups to the hydrogels contributed
to their diminished water uptake. In addition, the swelling is also affected by
different xylan:HEMA ratios of the hydrogels. In both cases, a lesser amount of
xylan (40%) in the hydrogels induced greater water uptake. However, this effect
is more pronounced in the case of non-acetylated xylan-based hydrogels.

Figure 7. Variation of swelling ratios versus time of hydrogels based on
non-acetylated (gray) and acetylated (black) xylans (solid line 40:60 and dashed

line 60:40 of xylan:HEMA).
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Conclusions
Hydrogels were successfully prepared from eucalyptus xylan (with and

without acetyl groups) in a facile approach with methacrylic monomers in a
standard radical polymerization. The presence of acetyl groups provided a
more open hydrogel network, slightly stiffer hydrogels, and reduced their water
swelling capacity.

A delignification step that was performed with PAA under mild conditions
would likely generate double bonds in the lignin moieties present within the xylans
previously extracted. Double bonds are essential for the formation of radicals
which might act as the active sites for the cross-linking with HEMA as a co-
monomer.
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Chapter 15

Moisture Vapor Barrier Properties of
Biopolymers for Packaging Materials

Rashi Grewal, Whitney Sweesy, Jesse S. Jur, and Julie Willoughby*
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*E-mail: jacrowe@ncsu.edu

We present a review of current research focused on the use
of biopolymers as viable packaging materials. We discuss
polysaccharides, proteins, lipids, materials systems comprising
edible coatings, and inorganic surface modification processes
as they impact moisture barrier permeability properties. We
give an overview of the fundamental factors that affect moisture
vapor permeability (MVP), provide an overview of barrier
properties for typical packaging materials on a common
unit basis, and the MVP improvements made with evolving
techniques. We explore some challenges and unknowns with
surface modifications specific to altering the barrier properties
of polymers derived from renewable resources. We provide
some of the future directions in our own work to improve
materials with inherently poor moisture vapor properties using
the insights from this review as a road map.

Introduction

The advancements in packaging materials have afforded protection,
freshness, extended shelf life, and convenience for food industry products. Food
packaging platforms comprise flexible plastics, durable plastics, paperboard,
synthetic coating systems, foil, and combinations thereof. The material selection
depends on shelf life requirements and storage conditions as dictated by the
industry sector.

© 2012 American Chemical Society
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Components of a packaging system comprise the substrate, or materials of
construction, and the conversion to final form (such as bag, cup, box, or jug).
Packaging systems for consumable goods are divided into flexible or durable
goods with function dependent of serving either primary (direct food contact)
or secondary protection. The focus of this chapter lies in an assessment of the
current state of research for polymers from renewable resources targeted for use
in food/ or consumable goods primary packaging.

Understanding the potential of renewable polymers for primary food
packaging requires integration of both the shelf life of a package and the product
performance requirements. Barrier properties of interest are grease or oil
resistance, oxygen transfer rates, moisture resistance or impermeability, and UV
protection. Moving into the realm of sustainable packaging, however, requires the
use of materials with inherently poor moisture vapor barrier properties. We seek
to give an understanding of the state-of-the-art in new materials and techniques
to eliminate this challenge for sustainable packaging. In addition, we provide
an overview of testing methodology and governing factors for moisture vapor
permeability properties in materials.

Requirements of the Consumable Good Products Food Packaging

With the trend towards environmentally friendly products comes a desire
for such materials to be used for packaging. Typical commercial polymers that
are used for packaging, such as polyethylene terephthalate (PET), are not so
environmentally friendly, but are very good packaging materials because of
their low moisture vapor permeability (MVP). MVP and oxygen permeability
(OP) are key packaging parameters for protecting the product contents. For food
packaging, products need to be able to last from their initial creation to shelves in
a store to customer purchase to consumption. Shelf life (1)θs is defined as

where me is the equilibrium moisture of the food at the RH outside the package,
mi is the initial moisture within the food, mc is the critical moisture at which the
food has reached its shelf life, Ω is a constant from packaging parameters, p0 is the
vapor pressure at storage temperature, and θs is the time elapsed or shelf life.

MVP and OP affect the Ω value specific to package design. Flat substrate
testing of MVP and OP barrier properties are normally implemented to screen
newmaterials for a given application. This is especially true in lack of a converting
facility to trial the material in a package. Ultimately, the true shelf life of a material
needs to be determined in package format with respect to barrier properties.
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Benchmark Packaging Systems

Sustainable packaging includes the use of recyclable materials such as
laminated flexible packaging and coated paperboard. The plastics industry
is seeing a growth spurt from investors and research, largely because of the
versatility of plastics. They can be molded into various shapes, which is beneficial
from both a practical and commercial standpoint (2). Also a plus for plastics
are their thermal stability at high temperatures, and coating methods, such as
plasma treatment, that are used to make them stronger (3). The flexible packaging
industry has been doing well despite difficult economic times, largely because
of environmental concerns. Flexible packaging materials do not take up as
much space in landfills thus help to alleviate the growing concern about excess
packaging (4). Current research is focused on designing laminated foils and
films that allow food to have extended shelf lives; a plus for flexible packaging
and food industries (4). Figure 1 depicts the barrier properties for commonly
used packaging materials both from synthetic resources and renewable resources
(5–9). Barrier coatings on materials such as paperboard are becoming more
popular enabling lower extruded “plastic” coat weights with more rigidity than
the plastic layer alone. While coating paperboard involves an extra processing
step, coatings enhance the overall package through appearance and protection
(10). Specific to paperboard packaging, its construction comprises approximately
80% of materials from renewable resources. Figure 2 shows the cross-section
of barrier paperboard where the polymer layers are poly(lactic acid) (PLA)
instead of traditional low-density poly(ethylene) (LDPE). The substrate in Figure
2 is the bottom-stock of a EcoProducts® hot cup, a paperboard cup lined with
approximately 33 microns of PLA. Replacing packaging materials with “greener”
materials, such as PLA, has resulted in widespread evaluation for improving its
mechanical and physical properties.

While PLA is a good choice for food packaging as any of the residual
monomer, lactide, hydrolyzes into FDA-approved lactic acid (11), has acceptable
mechanical properties at appropriate levels of crystallinity (12), it also has
inherently high MVP properties and is brittle. Yang et al. attempted to improve
tensile modulus by compounding PLA with triallyl isocyanurate and dicumyl
peroxide. As Figure 3 depicts this material modification resulted in increased
brittleness, or lower fracture toughness (13).

The problem with most polymers from renewable resources is that while
they are “green” materials with low oxygen permeability, their moisture vapor
permeability is an order of magnitude higher than those of commercial polymers
such as PE and PET (14). This has resulted in utilizing PLA in applications which
do not have extended shelf-life requirements (15). Thus it becomes necessary
to determine ways to decrease the MVP of such polymers so that they can be of
the same caliber as their current commercial counterparts. The exception to this
rule is for the emerging “bio”-polyesters, poly(hydroxyalkanoate) (PHA) and
especially poly(glycolic acid) (PGA), which have barrier properties equivalent
to poly(ethylene terephthalate) (PET). Due to the absent pendant methyl group
in PGA as compared to PLA, it has better OP and MVP properties due to its
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inherently better intermolecular chain packing ability. When the price-volume
point for PGA or PHA is the equivalent of PLA, they will be serious contenders
for use in packaging applications (7, 9, 16).

Figure 1. Moisture vapor (MVP) and oxygen (OP) permeability of common
packaging polymers where polymers from renewable resources (green circle)
have higher MVP, except PHA, than the synthetic polymers (black triangle).
MVP tested at 90% RH and 38°C for all polymers and OP at 23°C and 0% RH,
except for Cellulose Acetate at 35 °C and 0% RH. Data from references (5–9).

Figure 2. Scanning electron microscopy (SEM) cross-section of extrusion coated
paperboard at 250X and 1000X magnification. The paperboard sample was
EcoProducts® coffee cup bottom stock. The polymer layer(s) are poly(lactic

acid) (PLA).
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Figure 3. Stress-strain curves of PLA samples containing different amounts of
crosslinker. Crosslinker content for samples PLA-4, PLA-3, PLA-2, PLA-1 are 3
wt%, 1.0 wt%, 0.5 wt %, and 0.15wt % as compared to non-crosslinked PLA.
Reproduced with permission from reference (13). Copyright 2011 Elsevier.

Fundamentals of Moisture Vapor Permeability

Terminology and Units

Moisture vapor transport is themovement ofmoisture, or water, vapor through
a material or medium. The moisture vapor permeability (MVP) of a material is
determined by measuring its moisture vapor transfer rate (MVTR). Throughout
this chapter we will invoke both MVP and MVTR terms for materials. As MVP
is normalized for thickness, it is the MVTR of a packaging structure which really
dictates its shelf life. It is a measurement used intensively in the field of packaging
and barrier design, such as for packaging and containers for food, or military
equipment. MVTR is of high importance because it allows one to determine the
rate of moisture flow, and of even more significance, how this rate can be altered
or controlled depending on storage conditions. For instance, one may choose
a moderate MVTR for contact lenses, so that the eyes can remain moisturized,
but a lower MVTR for firefighter clothing, to ensure dryness under the intense
conditions of putting out a fire. MVTR is defined below by Equation 2 (17).
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wheremass is the weight pickup of water absorbed by a medium at any given time.
The surface area is the amount of sample exposed to the permeating moisture
vapor. Moisture vapor permeability MVP is defined as

where l is the sample thickness and Δp is the pressure drop across the sample or

where Vsat is the saturation pressure at test conditions, RH2 is the relative humidity
in the test chamber, and RH1 is the relative humidity in the sample container.

Governing Factors of MVTR

There are several factors that determine the MVTR of a material. In a review
by Morillon et al., the importance of film thickness was explained to dictate
the transfer rate of moisture vapor as for thinner films there is shorter travel
distance. The works of various groups were described in this review, and if the
thickness of a film is increased between a certain range, on the order of microns,
the transfer rate and permeability will both decrease (18). Hu et al. found that
beyond a critical film thickness for poly(ethylene oxide) MVTR was unaffected
(19). Another study obtained results showing that for methylcellulose films up to
100 microns thick, the MVTR decreased noticeably as the thickness of the films
increased (20). These results were also shown by Martin-Polo et al., who found
that for hydrophobic paraffins, their ability to act as a moisture barrier largely
depended on film homogeneity and thickness (21)

A study by Debeaufort et al. found that the polarity and homogeneity
of a material influence its MVTR. In their work, they found that hydrophilic,
heterogeneous materials had a higher MVTR (20, 22). The hydrophilic material
attracts water increasing the MV solubility and enhancing permeability. The
influence of heterogeneity allows for high moisture transport through material
defects or hydrophilic regions.

Due to their hydrophilicity, certain plasticizers have been shown to increase
MVTR (23). Figure 4 depicts a study where starch-based nanocomposites
comprised thermal transitions dependent on the plasticizer type (23). The
plasticizers under evaluation were sorbitol, glycerol and Polysorb® brand. At
any given clay loading in the composite, the use of sorbitol resulted in a higher
glass transition temperature. In addition, thermo-mechanical testing indicated
a slight decrease in mechanical properties due to poor dispersion or exfoliation
of the nanoclays in the sorbitol formulations. This conversely related to phase
separation. It would be expected that these discontinuities in the nanocomposite
would have an adverse effect on barrier properties. Two separate groups, led
by Laohakunjit and Cao, found that glycerol, a hydrophilic plasticizer of small
molecular size, increased the MVTR of rice films and gelatin films, respectively.
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While the plasticizer increased the non-recoverable deformation of the films,
it also increased their affinity for water, thus increasing MVTR (24, 25). Film
crystallinity affects MVTR as crystallites impede the transport of moisture. It was
shown in one study that the MVTR of crystalline poly(lactic acid) was over 50%
lower than its amorphous counterpart. It was also demonstrated that hydrophobic
polymers, such as polyester, had a lower MVTR than did the more hydrophilic
ones such as cellulose (26). The crystalline regions in a film are denser than the
amorphous regions and more resistant to the passage of water. Hence high film
density decreases MVTR (27).

Figure 4. Effect of plasticizer on temperature transition Tα of wheat starch/ clay
nanocomposites with various plasticizers; (black square, glycerol; red circle,

Polysorb ®; and blue triangle, sorbitol). Data from reference (23).

Test Methodology

Different experiments will use different conditions, depending on the type
of environment in which a barrier material is supposed to survive. Since the
test is to see how well a barrier can keep out moisture, we implement standard
tropical conditions of 38°C and 90% relative humidity (RH) (28). With Equation
1 given above, we use a Mason jar apparatus to measure MVTR through a given
material (cf. Figure 5). We evaluated two types of desiccant; CaSO4 and silica
gel. The CaSO4 was a size 8 mesh from Drierite, and the silica gel was a size 4
mesh bead from Delta Adsorbents. Both were coated with cobalt chloride as a
color-changing indicator of the saturation point. When dry, it is blue, and turns
pink when fully saturated with water. Our technique was first validated by putting
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100 g of each desiccant type in a Mason jar uncovered in the humidity chamber.
The true absorption of each desiccant was found by observing the weight gain of
each desiccant under evaluation. The majority of absorption occurred at initial
exposure, with saturation being reached after 5 days at steady state. Silica gel and
CaSO4 had respective weight gains of 30.71 (+/- 0.106) and 25.2 (+/- 0.223) g
before saturation. Due to their similar absorbance capability, either desiccant is a
suitable medium for testing.

Figure 5. MVP apparatus where a) the foil mask insures an impervious seal for
the white LDPE coated paperboard sample (sample area exposed to humidity is
510 mm2). The entire sample apparatus is placed into the b) humidity chamber
where spacing between samples is essential for adequate air circulation. The
data collected over discrete time intervals is c) the mass gain over time (example
data is for a 18.5 micron extrusion-coated LDPE paperboard and d) is converted
to MVP per Equation 2 for LDPE (black square) and PLA (green circle) coated

paperboard.

The aluminum foil disc shown in Figures 5a, b is used to seal the test substrate
to the jar. The test material is exposed to moisture vapor through the exposed
sample area in the foil mask. Vapor penetrates the film from the high humidity
side (90% RH) to the desiccant side (0% RH). Since water is being amassed by
this process, the weight gain of the entire apparatus was measured daily (or at
regular intervals). We used equations 1-3 to calculate the resultant MVP of LDPE
and PLA (.cf Figure 5c, d). Our results were consistent with previously reported
values (5, 9).
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Any testing method has possible sources of error. For this method, the air flow
within the humidity chamber needs to be controlled uniformly throughout testing.
During the initial exposure to humidity, there is an initial spike in moisture vapor
adsorption for each sample. Thus samples with drastically different MVTRs could
create variation in air flow throughout the chamber. It is important to minimize this
possibility by only testing similar materials at one time and to space appropriately
in the chamber as shown in Figure 5b. In addition, once the samples reach steady
state, new samples should not be introduced to the chamber. Another challenge
is the quality of the seal between the mask and the sample as any leakage would
result in an erroneous higher MVTR values (29).

Current Research

Nanoclay Coatings and Composites

Current research in nanoclay coating and composites has focused on reducing
barrier layer thickness enabled by a tortuous path mechanism. This mechanism is
governed by exfoliated high aspect ratios, clays sufficiently dispersed in polymer
melts or solvent-based coatings. For coating systems, the solvent of choice is
predominately water, ethanol or combinations of both. The coating system will
depend on the manufacturing point of application, for instance an on-machine
coating for a 2000 ton/day paper machine will have different rheology requirement
than a 200 ton/day toll manufacture with off-machine coating capabilities such as
gravure, off-set printing or rod coating. The polymer binder in the coatings can be
derived from synthetic or renewable resources. For coatings applied onto existing
biodegradable webs such as paperboard or PLA sheets, the biodegradability of the
final product is enhanced for coatings comprising higher clay content with coating
thicknesses less than one micron. This is in sharp contrast to extruded barrier
polymer layers with thicknesses ranging from 0.5 to 2 mils (or 10 to 50 microns).
Challenges for these coatings include cost equivalency per square area of product
and converting robustness to the finished product. Ultimately, the barrier coatings
need to provide acceptable shelf life in a finished product for its given application
and costs equal or lower to existing technology.

Aqueous Coatings in Traditional Synthetic Latexes

Polymer-clay nanocomposites prepared in aqueous systems for application
to web substrates such as paperboard have advantages for on-machine coating to
reduce costs. For an environmental benefit as compared to extrusion coatings, the
following criteria include

• energy neutral (or savings) for application/ processing methods, drying
time, and transportation costs,

• lower coat weights (or thickness) of the barrier layer,
• and better biodegradability of the final substrate.
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Figure 6 illustrates a typical packaging structure comprising paperboard or
other web substrate and associated barrier layers. Nanocomposites under high
study involve highly exfoliated clays, such as vermiculite, montmorillonite, and
talc (cf. Figure 7) (30–32). Although the initial surge of interest in nanocomposites
stemmed from materials produced by Nanocor where the moisture vapor and
oxygen transmission rates of amorphous nylon were improved 10-fold (33), there
is heightened attempts of using the same strategies to improve the resistance
to moisture vapor permeation in biopolymer systems. As outlined above the
permeation of moisture vapor is more complex than oxygen as often the inherent
nature of the polymer will swell in the presence of moisture enabling higher
diffusivity and enhanced solubility. The reader is referred to several excellent and
comprehensive reviews on nanocomposite fundamentals (32, 34–38).

Figure 6. Illustration of a paperboard packaging structure. The barrier coating
could be several applications of a solvent-based coating. These laminate
structures are typically produced in converting facilities versus during the
paperboard manufacture. The paperboard and LDPE layers can be replaced

with other substrates.

Cloisite 30B clay, a modified montmorillonite surface modified with tallow,
methyl and bis(2-hydroxyethyl) groups, and cetyltrimethylammonium bromide
(CTAB) saponite clay were ultrasonically dispersed with water and acrylic resin
emulsions for durations less than two minutes (39). To achieve colloidal stability,
the nanoclay must be compatible with both the hydrophobic polymer system
and the aqueous solvent system. After screening several dispersing agents, the
researchers found homogenous and stable suspensions of the clay types with
two surfactants, Tween-85 and poly(acrylic acid). The approximate 30 weight%
coating formulations were rod-coated by hand onto paper linerboard with a basis
weight of 160 g/m2 comprising a 50/50 blend of soft and hardwoods. Through
x-ray diffraction and differential scanning calorimetry, they showed effective
exfoliation of the nanoclay formulations despite the lack of rigorous delamination.
This was especially true for the CTAB-saponite clay where ideal compatibility
of the stabilizers, high surface area of the clay and mechanical force provided
by ultrasonification had the necessary synergy to fully exfoliate the clay. The
exfoliation of the clay provided a tortuous path for the diffusing moisture vapor
leading to a reduction in MVTR in the latex coating from 9.2 g/m2·day to 5.0
g/m2·day. The clay content was tested between 3-15 w-% in the formulation with
no discernible MVTR difference between the different loading amounts. We note
that the conditions for MVTR testing were at 23°C and 50% RH.
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Figure 7. Nanoclays (or high aspect ratio clays) used in packaging composites
for improved barrier properties can comprise a) intercalated or exfoliated clays.
or b) high efficiency talc produced by Specialty Minerals. FESEM provided by
Specialty Minerals. Reproduced with permission from reference (30). Copyright

2005 Elsevier.

Incorporation of Nanoclays into Renewable Polymers

Agar is of interest as a renewable source-based biodegradable packaging
material. Agar, a complex mixture of polysaccharides, is derived from algae.
Essentially a non-food crop, its use in packaging comprises foams, films and
coatings. From Figure 8a it is apparent that with the high degree of hydrogen
bonding it follows suit to be a good oxygen barrier. Obviously, its water sensitivity
will reduce its performance as an oxygen barrier at higher temperatures and
humidity where the favored energy state would be to complex with water versus
intermolecular interactions between polymer chains. Active research to improve
both barrier properties and mechanical properties of agar and other natural
biopolymers such as carbohydrates and proteins includes the addition of highly
exfoliated high aspect ratio nanoclays. Specifically for agar, a study varying the
amount unmodified natural montmorillonite (Cloisite Na+) for the improvement
in MVP resulted in over a 50% reduction from 2.22 to 1.07 g·mm/m2·hr·kPa (40,
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41). The solution intercalation method utilized temperature, a homogenizer, and
ultrasonic mixer for adequate nanoclay exfoliation. The results are summarized
in Figure 8b where inspection of the data reveals 20% w/w of clay was needed for
the reduction in MVP (40). Of notable importance is that the relative humidity and
temperature implemented for the MVTR testing was less stringent than tropical
conditions yet the MVP is still significantly higher as compared to LDPE (three
orders of magnitude). Thus nanocomposite technology for natural biopolymers
has yet to meet the criteria for food packaging applications with this specification
or the overall impact of shelf life.

An important study examined how water diffuses through bio-based
nanocomposite materials. They used transmission electron microscopy (TEM),
wide angle x-ray diffraction (WAXD) and dynamic mechanical analysis (DMA)
for structure properties (42). Correlating structure properties to barrier properties
(characterized with permeability, water sorption, and diffusivity measurements),
they concluded amorphous regions within the nanocomposite were the dominate
mode of transport for water vapor. The nanocomposite comprised starch,
sodium montmorillonite, and glycerol as the plasticizer. Phase separation in the
nanocomposite was induced by high contents of glycerol, greater than 23 w-% of
the formulation. As the nanoclay induced processing problems due to rheology
and interactions with the inherent properties of the starch, the high amount of
glycerol was necessary for contiguous film formation. However, as Figure 9
illustrates, the hydrophilic glycerol regions were incompatible with the starch and
montomorillonite regions (42). The absence of nanoclay in the glycerol regions
allows facile transport of moisture vapor though the composite.

It is important to note that the study above was relevant for nanocomposites
derived from melt processing where intercalation of the high aspect ratio clay was
absent. Other studies showed that where the surface chemistry of the clay and the
chemical nature of the diluent (monomer, plasticizer, or solvent) were adequately
compatible, intercalated structures were possible.

Edible Coatings

Biodegradable materials would be a great way to go as far as packaging; for
foods, however, it would be even better if the packaging could be edible. Food
packaging is especially important because it largely determines the shelf life and
freshness of such products for consumption. The problem, though, is that edible
coating, such as polysaccharides, milk proteins, and lipids, are poor moisture
vapor barriers compared to those industrially-produced, such as PE and BOPP.
The questions remain of whether or not to continue researching such materials for
packaging, and if so, how to engineer them to do better.

Polysaccharides have been examined for their use as edible cheese coatings.
A study by Cerqueira, et al. evaluated three polysaccharides: chitosan,
galactomannan, and agar, with respect to their effect onMVP.Various formulations
of glycerol and sorbitol were used with each and the barrier properties determined
using a modified ASTM E96 method, at 20°C and 100% RH. The results showed
that the coating with 1.5% galactomannan, 2.0% glycerol, and 0.5% sorbitol was
the best barrier to moisture (43). This likely demonstrates that galactomannan
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is a competent moisture barrier as a cheese coating. Martins et al. measured
properties of galactomannan coatings for cheeses over the course of a month.
The results of the study showed that galactomannan coatings did increase the
shelf of life of cheeses, as the MVP reduced with increased galactomannan (44).
It is likely that galactomannans create a stronger, more coherent network where
molecules are more closely packed (43).

Figure 8. Agar (a) and montmorillonite composites resulting in MVP reductions
(b). Reproduced with permission from reference (40). Copyright 2011 Elsevier.

The use of plasticizers, such as glycerol and sorbitol, is needed for
polysaccharide films due to their stiff and brittle nature. Plasticizers effectively
increase polymer chain mobility and free volume allowing for higher diffusion
rates and solubilities of both gases and moisture vapor in the film (45). As
previously mentioned, including glycerol in a coating formulation can increase
MVP with respect to barrier attributes. One study found that increasing the
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glycerol content of galactomannan coatings for tropical fruits increased the
MVP attributed to the hydrophilic nature of glycerol (46). Work by others with
plasticized whey protein isolate and starch films concurred with this result (47).
One study found that MVP (tested at 30°C and 52% RH) linearly increased with
additional plasticizer content. Another study showed that while glycerol increased
MVP at 75% RH for starch/leaf gum films, its negative effect on MVP can be
counterbalanced with increases in the polysaccharide leaf gum concentration.
There also seemed to be a critical glycerol concentration of 40%, at which MVP
rose drastically (48).

Figure 9. Transmission Electron Microscopy (TEM) picture of wheat starch,
organo-modified montmorillonites (OMMT) and glycerol composites. The

OMMT phase segregated in the wheat starch rich phase resulting in amorphous
regions of OMMT-free glycerol phases. This phase separation is attributed to
higher MVP throughout the composites. Reproduced with permission from

reference (42). Copyright 2010 Elsevier.

In the instance of casein, a milk protein, adding glycerol produces an
anomaly. Casein is currently used in food supplements, adhesives, and finishes.
Since it is from milk, it is edible, and its structure allows for the formation of
an effective biodegradable food coating. One major problem is that moisture
dissolves casein; however, its combination with glycerol and water creates a
flexible, moisture-resistant film. This is probably due to the decrease in defects
with the addition of plasticizer, which allows for greater flexibility and prevention
of surface defects ultimately in more controllable MVTR or permeability. There
is likely an optimum ratio of casein to glycerol that should be used, as too
much glycerol as mentioned above would be expected to increase the film
hydrophilicity, thus increasing MVTR (49–51).
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Lipids have been studied for their use as edible food coatings, to increase
the shelf life of food. Although they do not form films easily, they are used as
coatings because they are nonpolar or hydrophobic (12). One study showed that
lipids were an effective moisture vapor barrier as a coating for rice (52). However,
a study involving films containing milk fat found that the fat globules large in size
created aggregates increasing film heterogeneity and water diffusion rates, hence
higher MVP values (cf. Figure 10) (53). It has been shown that smaller globules
results in a more homogeneous profile and consequently, a lower transfer rate of
moisture vapor (54).

Beeswax, a naturally-occurring lipid, has been studied by itself as a moisture
vapor barrier. Several groups have found that beeswax does reduce the MVP of
films to some extent. The group of Bourlieu et al. compared white beeswax with
several other lipids, including milk chocolate and dark chocolate, as film coatings,
and found that beeswax was the best at blocking out moisture vapor for dry foods
(55). While Bourlieu’s group compared the performance of multiple lipids, there
are others that have studied the effect of percent beeswax content of film coatings
on MVP. Their results have some similarities and differences. Paulson and Yang
produced films with 25% beeswax content had a reduced MVP as compared to
those films without beeswax (56). The group of Min et al. concluded from their
work that the average MVP for their protein-beeswax composite films decreased
by 57% when the beeswax content was 40% (57). Monedero, et al. found that for
protein-lipid composite films, the best combination was 25% lipid, with 30-50%
of that portion comprising beeswax (cf. Figure 11) (58). Han et al., had very
similar findings to Min’s group, stating that less than 30 weight percent, beeswax
had no considerable effect on MVP. They found that a maximum concentration of
40% beeswax resulted in a 15% reduction in MVP (cf. Figure 12) (59). While
the results show that increased beeswax content results in a decreased MVP, it is
still an order magnitude higher than films of PLA. Its use is best for direct spray
coatings onto food requiring only short shelf life or for items receptive to thick
barrier layers.

Inorganic Surface Treatments

Aside from inherent material properties, permeation through barrier layers
attributed to pinholes and defects on the film, or other substrate imperfections
often need another surface treatment to obtain a boost in MVP or OP. As such,
inorganic surface modifications at the nano-scale are undergoing significant
research as both an additional level of protection or to enable the use of
polysaccharides or PLA. Nano-scale materials growth methods for moisture
barrier layers on polymer substrates include chemical vapor deposition (CVD)
(60, 61), atomic layer deposition (ALD) (62–67) and physical vapor deposition
(PVD) (68).
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Figure 10. MVP as a function of milk fat (lipid) content in sodium caseinate
(protein) films. Data from reference (53).

Figure 11. MVP as a function of weight percent beeswax in soy protein isolate
films containing various proportions of lipid. Reproduced with permission from

reference (54). Copyright 2009 Elsevier.
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Figure 12. MVP as it depends on weight % beeswax (the main lipid component)
in a soy protein isolate film. As beeswax content increases, there is a marginal

decrease in MVP. Data from reference (59).

Atomic Layer Deposition

Atomic layer deposition is ideally suited for conformal material growth on a
wide range of structured materials, including polymer and polymer fiber, due to
its natural self-limiting growth behavior. In an ALD process, precursor vapors
are pulsed sequentially to a surface, separated by an inert purge to remove any
unreacted vapor. The surface reaction is self-limiting where a single ALD cycle,
completed in seconds, results in a thin layer ofmaterial growth. Multiple cycles are
used to obtain inorganic film thickness of <100nm. ALD is capable of depositing
a variety of materials including oxides, nitrides, sulfides, and metals. A number
of groups have experimented with ALD barrier layers on organic light emitting
diodes (OLED) and measured the efficiency (69), luminance (70), and moisture
vapor transmission rates (71).

In particular, ALD aluminum oxide has been explored as MVP barrier
encapsulant for both OLED devices (72) and food packaging applications (73,
74). OLED devices with the Al2O3 coating have been shown to withstand ambient
atmosphere for over 6000 hours, while the ones with no encapsulation rapidly
degraded after 10 hours of exposure (69). ALD deposited Al2O3 has reduced the
MVTR of polyethylene naphthalene and Kapton® polymers by over three orders
of magnitude (75). Other ALD materials also show good barrier properties. For
example, ALD deposited SiO2 on polyethersulfone (PES) has shown a reduction
in MVTR25C, 100%RH from 50 g/m2·day for a bare substrate to 0.31 g/m2·day for the

287

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
 o

n 
A

ug
us

t 2
8,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 A

ug
us

t 1
7,

 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

10
7.

ch
01

5

In Functional Materials from Renewable Sources; Liebner, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



coated substrate (71). Direct ALD coating on active layer of an organic device
is not always preferred, as demonstrated in the work published by Ferrari et al.
Here the authors use an interlayer between the polymer substrate and the ALD
material to prevent a reaction between the ALD precursors and active OLED layer
(72). The interlayer serves as a sacrificial layer to preserve the barrier property
enhancement achievable with ALD, while maintaining the device performance.
Research efforts by Spagnola et al. (76) and Jur et al. (77) revealed that the
nucleation behavior of the ALD materials is highly dependent on the ALD
precursor chemistry, the polymer chain constituents, and the general processing
conditions. For example, ALD processing temperature dependence affects the
nucleation behavior of the inorganic film on the polymer (77). High temperature
processing on polypropylene results in subsurface nucleation, which is decreased
substantially at lower temperatures. On the other hand, ALD processing on
cellulose has little temperature dependence and no observed sub-surface growth.
Johansson et al. determined that processing temperature can also affect the
deposition rate of inorganic barrier constituents. For the sample number of
deposition cycles, a thicker ALD barrier layer was observed for the samples
treated at 65 °C versus at 100 °C (74).

Table 1. Resultant MVTR for ALD-modified LDPE and PLA extrusion
coated packaging substrates. Data from reference (73).

Substrate
Description

ALD
Reaction
Temp.
(°C)

ALD
Cycle
No.

Material
Deposited

MVTR
@ 23°C,
50% RH
(g/m2·h)

MVTR
@ 38°C,
90% RH
(g/m2·h)

0 -- -- 1.16

120 10 nm
Al2O3

-- 1.12

350 25 nm
Al2O3

-- 0.61

LDPE
(19.35 um)
Coated Paper

Board

65

600 40 nm
Al2O3

-- 0.23

0 -- 3.00 12.08

600 65 nm
Al2O3

0.16 2.29

PLA
(20.16 um)
Coated Paper

Board

65

1200 110 nm
Al2O3

0.17 2.21
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It has been a natural transition to use this powerful deposition technique for
conformal coatings on paperboard and film substrates, particularly biopolymer
substrates with inherent poor moisture vapor permeability. Tables 1 and 2 list
research done on polymer coated paperboard substrates with the aim of decreasing
the MVP of PLA coated boards and packaging film. This data provides insight
into the deposition differences with PLA and LDPE paperboard with respect
to resultant MVTR and processing conditions. It is clear that more tropical
conditions will generate larger transmission rates, but it is surprising to see that
the samples with thinner ALD coatings had higher barrier performance. For a
smooth substrate, a thin coating is sufficient, but rougher surfaces may require
a thicker layer, despite the increased susceptibility to cracking (73). In general,
PLA substrates responded better than the LDPE to an Al2O3 layer. It is unclear
if this is due to the deposition temperature or the substrate surface chemistry
differences. Although LDPE showed consistently lower MVTR, the PLA shows
a more drastic improvement with any number of cycles when compared to the
uncoated substrate. The results for PLA reveal that a thin coating is sufficient and
additional cycles diminish the barrier enhancement. For the most part, MVTR for
LDPE continued to decrease as the coating thickness increased. The poor film
growth for LDPE substrates at higher reaction temperatures was attributed to the
surface mobility of LDPE as compared to the PLA resulting in Al2O3 penetration
in the extruded polymer layer versus a more uniform surface layer (73).

ALD deposition was recently combined with polyelectrolyte multilayer
PEM) films to produce MVTR barriers (78). A variety of PEM functional
thin films can be produced using the layer-by-layer (LbL) assembly technique
(79, 80). LbL-based thin films are currently being evaluated for properties
that include antimicrobial (81–83), anti-reflection (84), electrical conductivity
(85),anti-flammable (86–88), gas barrier (89–91), and UV resistance (92). These
films, typically < 1µm thick, are created by alternately exposing a substrate to
positively- and negatively-charged molecules, polymer electrolytes, or particles in
a series of steps to produce the desired number of “bilayers” (or cationic-anionic
pairs of layers). While excellent gas barriers have been achieved via LbL, its
moisture sensitivity affects the barrier performance at higher temperatures and
humidity. Hirvikorpi et al. merged the attributes of both ALD and LbL deposition
techniques in attempt to reduce the MVTR of a PLA film coated with a 20nm
PEM film comprising anionic sodium alginate and cationic chitosan (78). The
objective was to enable the use of moisture-sensitive-PEMs layers comprising
inherent antimicrobial and fungicidal properties of chitosan with a moisture
vapor barrier layer via ALD. They measured the MVTR of commercial grade
PLA film (25 microns) to be 2.2 g/m2·hr at 23°C and 75% relative humidity.
Upon depositing the sodium alginate- chitosan 20 nm PEM, the MVTR increased
almost 100%. Depositing a 25nm Al2O3 layer on top of the PEM layer reduced
the MVTR to levels 50% lower than the native PLA film.
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Table 2. Resultant MVTR for ALD-modified LDPE and PLA extrusion
coated paperboard and PLA film packaging substrates. Data from reference

(72).

Substrate
Description

ALD
Reaction
Temp.
(°C)

ALD
Cycle
No.

Material
Deposited

MVTR
@ 23°C, 75 % RH

(g/m2·h)

0 -- 0.29100

500 50 nm
Al2O3

0.08

0 -- 0.35

(PE)
(16.13 um)
Coated

Paper Board
80

500 50 nm 0.19

0 -- 2.70

500 50 nm
Al2O3

0.08

100

1000 100 nm
Al2O3

1.21

0 -- 5.46

PLA
(28.23 um)
Coated

Paper Board

80

500 50 nm
Al2O3

0.58

0 -- 3.88PLA Film
(25 um)

100

500 50 nm
Al2O3

0.14

Physical and Chemical Vapor Deposition

Multilayer films for flexible packaging typically use a vacuum metallization,
a physical vapor deposition (PVD) method. In contrast to CVD or ALD,
temperatures must be between 1500-1800°C to vaporize the metal, such as
aluminum, for deposition onto the film, typically polyester (PET) or oriented
polypropylene (OPP) (1). Most synthetic films, however, can undergo this
process with resulting barrier properties that are 75-98% less of untreated films
for aluminum layers between 5-20 nanometers thick. The vaporization of metal
results in production of minute particles that must be subjected to vacuum
levels of at least 3 kPa to prevent reaction with air molecules and oxidation for
subsequent deposition to the substrate. Alternatively, thin glass-like films of
SiOx can be deposited via PVD or plasma-enhanced CVD of organosilanes on
formed substrates (such as the inside of beverage bottles) or traditional roll-to-roll
processing (61). To achieve comparable barrier protection as the metalized
aluminum process, thickness of the barrier layer need to be at least an order of
magnitude higher. Finally, acetylene can be deposited on film via PVD process in
a plasma atmosphere to achieve a 10-fold reduction in O2 permeability but with
little impact on moisture vapor.
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Frito-lay North America Inc. launched a replacement of the traditional chip
bag (cf. Figures 13a, c) for their SunChip® multigrain chip line in 2009 (93).
The packaging material comprised biodegradable components in the multi-layers
allowing a fully biodegradable claim as illustrated in Figures 13b, d (68).
Biodegradable is defined as less than 5% of its original weight after exposure to
air for 60 days at constant temperature, 35 °C, and 75% relative humidity (68).
To achieve a MVTR comparable to the original bag, the conjunction of both an
aqueous nano-coating comprising exfoliated silicates as described in the previous
section and a metalized layer such as aluminum provided acceptable performance
requirements. Specifically it was pointed out that upon exposure to moisture, PLA
will tend to swell. A metalized coating directly applied to PLA has a tendency
to crack thus in high humidity, thus the crack potential is further exasperated
upon exposure to moisture defeating the original purpose of the barrier layer.
The mechanical properties of PLA caused the first 100% compostable chip bag
to be rather loud while handling; quoted to be 80-85 decibels, the level of busy
expressway traffic (94). This caused less consumer acceptance than anticipated
on the new bag despite its biodegradable nature (68). Through the incorporation
of an elastomeric adhesive for noise reduction the packaging was re-launched in
early 2011 with a much better consumer acceptance rate (68, 94).

Figure 13. Multi-layer flexible packaging structures for a) traditional OPP bag
for chips and b) SunChips® fully compostable structure. Data from reference

(68).
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Future Directions

Systematic Studies

With our MVTR technique, we have confirmed the MVTR values
of benchmark materials such as polyethylene, poly(lactic acid) and
poly(dimethylsiloxane) (PDMS). Although hydrophobic, PDMS is highly
permeable to moisture vapor due to its amorphous nature. Using the desiccant
method we described in the earlier sections, we measured a MVTR of 25.47
g/m2.h for a 0.22 mm thick film. Our resultant MVP was 0.992 (g.mm/m2.h.kPa),
an order of magnitude higher than that of PLA.

Our next step is to create a superhydrophobic surface on PDMS using
the technique of creating mechanically assembled monolayers (MAMs) with
nonpolar moieties (95). It has been shown that this procedure results in a stable
superhydrophobic surface on PDMS films due to densely packed fluorinated
alkane chains as verified by contact angle measurements, and near edge X-ray
absorption fine structure (NEXAFS). Understanding moisture vapor transport as
function of chain packing will enable us to determine the threshold of surface
modifications possible to tune permeable substrates. This in turn could be the
stepping stone to creating materials that are responsive to their environment based
on the factors that can control transport of moisture vapor and other permeants.

Conclusions and Outlook

From this literature review, we now have an appreciation for the factors
that drive moisture vapor transport and permeability. We also know of the
various techniques that can aid in improving materials as moisture barriers.
It will be through increasing the commercial viability of surface modification
techniques such as ALD and nanoclay coatings along with availability of
emerging biomaterials like PGA that will make biodegradable and renewable
materials the norm versus the exception for packaging materials. It remains
to be seen if the research will enable a sustainable business model for
transitioning packaging materials from dependence on fossil fuel resources to
more environmentally-friendly counterparts. Not only are changes in materials
of construction for packaging a necessary component but changes in consumer
behavior are key to reducing the barriers of entry for a paradigm shift in
consumable goods packaging technology.
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Chapter 16

Synthesis and Characterization of Biologically
Active Chitosan Sulfates

Kai Zhang,*,a,1 Annett Weltrowski,b Dieter Peschel,b
Steffen Fischer,a and Thomas Grothb

aInstitute of Plant and Wood Chemistry, Dresden University of Technology,
Pienner Str. 19, D-01737 Tharandt, Germany

bBiomedical Materials Group, Department Pharmaceutics and
Biopharmaceutics, Martin Luther University Halle-Wittenberg,
Heinrich-Damerow-Straβe 4, D-06120 Halle (Saale), Germany
1Current address: 110 Agricultural Engineering Building,

The Pennsylvania State University,
University Park, Pennsylvania 16802
*E-mail: kzhang@forst.tu-dresden.de

Synthesis and structural characterization of chitosan sulfates
(CHS) showing biological activities are reported. CHS with
diverse total degrees of sulfation (DSS) in the range of 1.1-1.77
and distinct distributions of sulfate groups were synthesized
under homogeneous or non-homogeneous conditions. The
sulfate groups were located primarily at 6-O-position as well
as at 3-O-position. No sulfation at 2-N-position was detected.
The measurements of molecular weights of CHS showed
that obtained products are polydisperse. Their molecular
weights decrease with longer reaction time or higher reaction
temperature. The synthesized CHS did not show significant
toxicity to 3T3-L1 fibroblast cells. Subsequently, the effects of
CHS on the mitogenic activity of FGF2 and osteogenic activity
of BMP2 were investigated.

© 2012 American Chemical Society
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Introduction

Glycosaminoglycans, such as heparin and heparan sulfate, are naturally
occurring sulfated biopolymers and play a pivotal role in regulating cellular
proliferation and differentiation (1, 2). The sulfate groups are important for the
biological activities (3, 4). Other naturally non-sulfated polysaccharides including
cellulose also exhibited biological activities after sulfation, e.g. anticoagulant and
antiviral activity (5, 6). Apart from the sulfate groups, other functional groups
including carboxyl and acetyl groups are detected in the backbones of heparin
and heparan sulfate (7, 8). In spite of the wide use of heparin in medicine and
pharmacy, some drawbacks of it including death cases have been reported (9,
10). Thus, possible substitutes for heparin with heparin-analogue activities have
been searched for years (11, 12). Diverse biopolymers have been used as starting
materials, e.g. fucan, and galactan (13, 14).

Chitosan is a polysaccharide with a degree of acetylation on the amino
groups of up to 50%. Chitosan consists of 2-amino-2-deoxy-D-glucopyranose
and 2-acetamido-2-deoxy-D-glucopyranose units that are linked through
β-(1→4)-glycosidic bonds (15, 16). Chitosan has some beneficial properties,
such as antimicrobial ones, excellent biocompatibility, low toxicity and good
biodegradability that promote its applications in cosmetics, pharmaceutics and
other branches (15, 17, 18).

Chitosan sulfate (CHS) is a water-soluble ester of chitosan which exhibits
blood anticoagulant, antiviral, antimicrobial activity and antioxidant activity
(19, 20). Furthermore, CHS promoted the bioactivity of BMP2-induced
osteoblastic differentiation in vitro and in vivo (21). CHS is prepared with
diverse sulfating agents including chlorosulfonic acid, sulfuric acid and
SO3-pyridine/N,N-dimethylformamide (DMF)-complex, yielding CHS with low
to high DSS with various sulfation patterns (20–23).

Apart from CHS with only sulfate groups along chitosan chains, chitosan
derivatives bearing other functional groups in addition to sulfate groups have
also been synthesized e.g. sulfated N-carboxymethyl chitosan and chitin sulfate
(24–26). Sulfated carboxymethyl chitosans were prepared through a multi-step
reaction and chitin sulfates were obtained by sulfating chitin showing high
degrees of acetylation (25, 26). These products with several functional groups
display molecular structures more similar to heparin. However, sulfate groups
were supposed to play the predominant role for biological activities of sulfated
polysaccharides, e.g. sulfated cellulose, chitosan or fucan (3–6, 13, 14, 21, 27).

In this report, novel CHS were prepared through the sulfation of chitosan
using sulfamidic acid and chlorosulfonic acid as sulfating agents. The prepared
CHS were characterized regarding their total degrees of sulfation (DS), the
distribution of sulfate groups, i.e. the substitution patterns, and their molecular
weights. Chlorosulfonic acid is a commonly used sulfating agent and the sulfation
of polysaccharides including chitosan with chlorosulfonic acid has been often
reported (5, 6, 19–21, 23). In contrast, the sulfation of chitosan using sulfamidic
acid has not yet been published. Therefore, in this report, the focus lies on
the sulfation using sulfamidic acid as sulfating agent. Finally, the cytotoxicity
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of chosen CHS and their effects on FGF2 (fibroblast growth factor)-induced
proliferation as well as BMP2 (bone morphogenic protein)-induced osteogenic
activity were analyzed.

Experimental

Materials

Chitosan with a degree of deacetylation of 95.7% and a viscosity of 145 mPas
(1% in 1% aqueous acetic acid at 20°C) was purchased from Heppe Medical
Chitosan GmbH (Halle/Saale, Germany). Heparin from porcine intestinal mucosa
was obtained from Calbiochem (Gibbstown, USA). N,N-dimethylformamide
(DMF) was freshly distilled. Water was demineralized before use. Other
chemicals were all of analysis grade and used as received. Dialysis membrane
from Spectrum Laboratories Inc. (Rancho Dominquez, USA) has an approximate
molecular weight cut-off of maximal 500 Daltons.

Sulfation of Chitosan (Scheme 1)

Chitosan was sulfated homogeneously or non-homogeneously as described
before (23, 28). During the homogeneous sulfation, chitosan remained dissolved
in the reaction medium throughout the reaction. In contrast, chitosan was not
dissolved at the beginning of the non-homogeneous sulfation.

Scheme 1. Schematic representation for sulfation of chitosan.

For the homogeneous sulfation, chitosan (1 g) was dissolved in 20 ml of
formic acid and the solution was diluted with 156 ml of DMF. Sulfamidic acid or
chlorosulfonic acid in DMF was added into the chitosan solution under vigorous
stirring over 30 min. After being kept at 50°C or 70°C for 3 to 24 h, the solution
that was cooled down to room temperature (RT) was poured into a saturated
ethanolic solution of anhydrous sodium acetate and the product was collected
using centrifugation. The product was dissolved in water and the pH value was
adjusted to 7.5. Finally, the product was dialyzed against water and obtained after
lyophilization. Yield of CHS: up to 76% (w-% of starting chitosan).

The non-homogeneous sulfation of chitosan was realized after the
regeneration of chitosan. The regeneration was carried out through dissolving
1 g of chitosan in 100 ml of 1% aqueous acetic acid, precipitating chitosan
by adding 100 ml of methanol and 100 ml of an aqueous solution of 4%
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sodium hydrogencarbonate and washing with methanol as well as DMF. After
the regeneration, chitosan was suspended in 50 ml of DMF for subsequent
non-homogeneous sulfation. Sulfamidic acid or chlorosulfonic acid in DMF was
added to the chitosan suspension and the mixture was kept at 70°C for 24 h. After
the sulfation, the reaction mixture became clear, suggesting that chitosan was
dissolved in the reaction mixture. Then, the reaction mixture was precipitated in
a saturated ethanolic solution of anhydrous sodium acetate and the product was
obtained as described above. Yield of CHS: up to 89% (w-% of starting chitosan).

Characterization of Synthesized CHS

FT Raman spectra of the samples in small metallic discs were recorded
on a Bruker MultiRam spectrometer (Bruker, Ettlingen, Germany) with a
liquid-nitrogen cooled Ge diode as detector. A cw-Nd:YAG-laser with 1064 nm
excitation was applied as light source for Raman scattering. The spectra were
recorded over a range of 3500-150 cm-1 at a spectral resolution of 3 cm-1 and a
laser power output of 100 mW.

The 13C NMR spectra in D2O were recorded at r.t. on a Bruker DFX 400
spectrometer with a frequency of 100.13 MHz, 30° pulse length, and a relaxation
delay of 3 s. Up to 20000 scans were accumulated. The CP/MAS 13CNMR spectra
were recorded using a Bruker Avance 400WB spectrometer at r.t. with a frequency
of 100.65 MHz, and a relaxation delay of 3 s. Between 5000 and 7000 scans were
accumulated. CP/MAS 15N NMR spectroscopy was carried out on the Bruker
Avance 400 WB spectrometer at r.t. with a contact time of 1 ms, a relaxation
delay of 1 s and an acquisition time of 20 ms. 80.000 scans were accumulated and
the chemical shifts were externally referenced to 15N-nitromethane.

The contents of carbon, hydrogen and nitrogen were determined with
Elemental Analyser vario EL from Elementar (Hanau, Germany). The content of
sulfur was measured with Elemental Analyser Eltra CS 500 (Neuss, Germany).
The total DSS was calculated according to: total DSS = (S%/32)/(N%/14).

Size exclusion chromatography (SEC) was performed on a system containing
a Waters 410 reflective index (RI) detector (Waters Corporation, Milford, MA)
and PSS Suprema 3000 and 100 columns (Polymer Standards Service GmbH,
Mainz, Germany). The columns have been calibrated with pullulan standards
(Sigma–Aldrich, Buchs, Switzerland). The elution of the sample solution (0.05-
0.07%) was carried out with 0.1 M aqueous NaCl as the mobile phase. Empower
Pro software (Waters Corporation) was used for analyzing the data.

Scanning electron microscopy (SEM) images were recorded on a JEOL JSM-
T330A scanning microscope (Jeol Ltd, Tokyo, Japan) at RT. Samples were coated
with a 30 nm thick carbon and gold layer before the measurement.

Cell Culture

3T3-L1 fibroblast cells obtained from ATCC (Manassas, USA) were
cultured in flasks (75 cm2, Greiner bio-one, Frickenhausen, Germany) in
Dulbecco’s modified Eagle medium (DMEM, Biochrom AG, Berlin, Germany)
supplemented with 10% fetal bovine serum (FBS, Biochrom AG) and 1%
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penicillin–streptomycin–fungizone (PSF, Promocell, Heidelberg, Germany) in
a humidified atmosphere of 5% CO2/95% air at 37 °C. Cells were harvested
by treatment with trypsin/EDTA (Biochrom). Trypsinization was stopped by
addition of FBS, and cells were washed twice with DMEM. The mouse myoblast
cell line C2C12 which expresses osteogenic activity in the presence of BMP2
was purchased from the German Collection of Microorganisms and Cell Cultures
(Braunschweig, Germany). The cells were cultured in 75 cm2 culture flasks
in DMEM containing 10% fetal bovine serum (Biochrom), antibiotics (100
U/ml penicillin, 100 μg/ml streptomycin; Biochrom) and 2 mM L-glutamine
(Biochrom) at 37 °C in a humidified atmosphere of 5% CO2/95% air until
near confluence. The cells were detached with 0.25% trypsin/0.02% EDTA.
Trypsinization was stopped after 5 min by the addition of DMEM with 10% FBS.

Cytotoxicity Assay

The cytotoxicity assay was carried out according to (29). CHS4 and CHS5
were dissolved inDMEMwith 1%PSF (Promocell, Heidelberg, Germany) and 1%
insulin-transferrin-selenium A (ITS, Gibco, New York, USA) at a concentrations
of 500 μg/ml. 3T3-L1 fibroblast cells were seeded at a density of 40 000 cells/
well in 96-well plates (Greiner bio-one) in DMEM supplemented with 10% FBS
and 1% PSF, cultured for 48 h. The plates were washed once with DMEM, and
then with 200 μl of either CHS-DMEM-solution or DMEM (control). After an
incubation of cells for further 24 h, the viability of cells was measured with QBlue
assay (BioChain, Hayward, USA). This assay is based on the use of the redox
dye resazurin, which is converted into a highly fluorescent product (resorufin) by
reductases of metabolically active cells. The fluorescence intensity was measured
with an excitation wavelength of 544 nm and an emission wavelength of 590 nm
using plate reader Fluostar Optima (BMG Labtech, Offenburg, Germany). The
viability was calculated as a ratio of the control. Measurements were carried out
in quadruplicates and given as means ± standard deviations.

Investigation of mitogenic effects of CHS on 3T3-L1 fibroblasts 3T3-L1
fibroblast cells were seeded at a density of 10.000 cells/well in 96-well plates
(Greiner bio-one) in DMEM supplemented with 10% FBS and 1% PSF and
cultured for 24 h. After washing the plates with DMEM only, CHS or heparin
were applied to the cells in DMEM without FBS at concentrations of 50 and
500 µg/ml for 48 h in the presence of 10 ng/ml FGF-2. Proliferation was
measured on the basis of the total released LDH content using the Cytotoxicity
Detection KitPLUS (LDH) (Roche, Mannheim, Germany). Cells proliferate and
at the end of an experiment, lysis reagents supplied with the kit were added to
each cell-containing well. To determine the LDH activity, 100 µl of reaction
mixture was added and incubated for 30 min. The absorbance of the samples
was measured with a wavelength at 490 nm by the Fluostar Optima plate reader.
Cell growth was expressed as a ratio of samples to control wells (10 ng/ml FGF2
only). All experiments were carried out with four wells per sample and dilution
from which means and standard deviations were calculated.
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Quantification of Alkaline Phosphatase (ALP) Activity

The quantification of ALP activity was carried out as previously reported
(30). The C2C12 cells were seeded at a density of 2 × 104/96-wells in normal
growth medium. After 18 h, the cells were washed quickly with PBS to remove
serum. Then, DMEM containing 2% FBS and different concentrations of
BMP-2 (Invitrogen, Karlsruhe, Germany) with or without CHS was added.
The measurement of ALP activity was performed after 72 h. At the end of the
incubation period, cells were lysed by addition of 50 μl of 0.5% Triton 100 in
distilled water for 30 min at RT at 300 rpm on an orbital shaker (IKA, Staufen,
Germany). Then, 20 μl of the lysate was transferred to a new 96-well plate
and 40 μl of 1 mg p-nitrophenylphosphate/ml (Roth, Karlsruhe, Germany) in
0.5 M 2-amino-2-methyl-1-propanol buffer (Roth) pH 10.3 was added for the
determination of ALP activity. The absorbance was measured at a wavelength
of 405 nm using an Optima FluoroStar microplate reader (BMG Labtech,
Offenburg, Germany) after 15 min incubation of the mixture at 37 °C. The
histochemical staining of alkaline phosphatase was done by fixing the cells with
5% glutaraldehyde for 15 min, washing with PBS and subsequent incubation
with a mixture of 0.17 mg /ml 5-bromo-4-chloro-3-indolylphosphate (BCIP,
Applichem, Darmstadt, Germany) and 0.33 mg/ml nitro blue tetrazolium (NBT;
Applichem) in 0.375 M 2-amino-2-methyl-3-propanol buffer (pH = 10.3) for 1 h
at RT. The staining reaction was stopped by addition of 20 mM EDTA solution.
Micrographs were taken with an inverted light microscope (Axiovert 100, Carl
Zeiss, Oberkochen, Germany) equipped with a CCD camera.

Results and Discussion

Synthesis and Characterisation of Chitosan Sulfate (CHS)

Chitosan could be sulfated by sulfamidic acid or chlorosulfonic acid. The
sulfation of chitosan proceeded homogeneously in formic acid/DMF-mixture or
non-homogeneously in DMF. Figure 1 depicts the FT-Raman spectra of chitosan
and obtained CHS. FT-Raman spectroscopy as a rapid and sensitive analytical
method does not suffer interference from highly polar compounds including water.
Based on FT-Raman spectroscopy, quantification of the DS of CHS has been
established before (23, 28).

Comparing the FT-Raman spectrum of chitosan and CHS, new bands are
notable at 1069, 1016, 833 and 588 cm-1. The band at 833 cm-1 is attributed
to stretching vibrations of C-O-S groups. The bands at 1069 and 1016 cm-1 are
ascribed to the stretching vibrations of O=S=O groups, while the band at 588 cm-1

is due to the deformation vibration δ(O=S=O) (23, 31). The presence of these
bands suggests the introduction of sulfate groups into chitosan chains (23).

Furthermore, it is visible that certain bands attributed to the chitosan backbone
change their positions after the introduction of sulfate groups. The signals between
2800 and 3000 cm-1 are ascribed to the stretching vibrations of C-H bonds (31).
The peak at 2885 cm-1 within the spectrum of chitosan shifts to 2962 cm-1 within
the spectrum of CHS. The signal at 1462 cm-1 attributed to bending vibrations of
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CH2 groups shifts to 1458 cm-1 after the sulfation (32). The signals at 1376, 1261
and 898 cm-1 due to vibrations of chitosan backbones shift only slightly to 1384,
1274 and 917 cm-1, respectively. Moreover, the bands at 1094 and 1115 cm-1 with
a shoulder at 1145 cm-1 are not observable within the FT-Raman spectrum of CHS
with high total DSS. Besides, the very weak signal between 1570 and 1630 cm-1

due to the amide II vibrations of amide groups remains in the same range and its
intensity stays almost constant, which implies the non-derivatisation of the amino
groups (10, 32).

Figure 1. FT-Raman spectra (3200-400 cm-1) of (a) chitosan, (b) CHS4, (c)
CHS7 and (d) CHS10 at RT.

The total DSS of obtained CHSwere determined to range between 1.1 and 1.72
(Table 1). It was varied by altering the sulfation status through homogeneous or
non-homogeneous sulfation as well as sulfation parameters including the sulfation
duration, temperature and the amount of sulfating agent. Under homogeneous or
non-homogeneous sulfation conditions, longer sulfation times reduced the total
DSS. Furthermore, higher sulfation temperature decreased the total DSS upon the
non-homogeneous sulfation of chitosan (Table 1).

CHS prepared in this report are all water-soluble. In comparison to the
homogeneous sulfation that was realized within 3 h, the non-homogeneous
sulfation with sulfamidic acid needed longer sulfation times, e.g. 24 h, for the
preparation of water-soluble products. However, the sulfation with chlorosulfonic
acid resulted in water-soluble CHS within 3 h. As reported before, the
non-homogeneous sulfation by other sulfating agents, e.g. SO3-DMF complex,
also produced water-soluble CHS after a reaction within 3 h at 50°C or 70°C
(20, 23). The requirement of longer sulfation durations for sulfamidic acid under
non-homogeneous conditions may be due to its low reactivity towards chitosan.
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Table 1. Sulfation of chitosan and characterization of synthesized CHS

samples molar
ratioa

reaction
temperature /
duration

DSS6b Total
DSSb

DSS3b DPn DPw DPw/DPn

Homogeneous sulfation

CHS1c 15 70°C / 24 h 0.69 1.12 0.43 210 611 2.91

CHS2c 15 70°C / 3 h 0.84 1.55 0.71 789 2355 2.98

CHS3c 15 70°C / 3 h 0.82 1.4 0.58 809 2604 3.22

CHS4d 6 50°C / 5 h 0.85 1.1 0.25 438 1785 4.07

Non-homogeneous sulfation

CHS5d 13 50°C / 3 h 1 1.77 0.77 426 1811 4.25

CHS6 15 50°C / 24 h 1 1.69 0.69 731 3512 4.80

CHS7 6 70°C / 24 h 1 1.33 0.33 565 2375 4.20

CHS8 10 70°C / 24 h 1 1.72 0.72 543 2407 4.43

CHS9 10 70°C / 40 h 1 1.49 0.49 486 1598 3.29

CHS10 15 70°C / 24 h 1 1.59 0.59 331 1048 3.17

CHS11 15 90°C / 24 h 1 1.50 0.5 114 170 1.49
a Molar ratio in mol sulfamidic acid per mol GlcN units. b Partial DSS at 6-O-position
(DSS6) were estimated by liquid-state 13C NMR spectroscopy (D2O) and total DSS
determined by elemental analysis. Partial DSS at 3-O-position (DSS3) is equal to the
difference between total DSS and DSS6. c CHS1 and 2 were prepared in 156 ml DMF/20
ml formic acid and CHS3 in 78 ml DMF/20 ml formic acid. d CHS4 and 5 were prepared
with chlorosulfonic acid as sulfating agent and other CHS were prepared with sulfamic
acid as sulfating agent.

CP/MAS 15NNMR spectroscopy was used to characterize chitin/chitosan and
chitosan derivatives (23, 33). Figure 2 illustrates the CP/MAS 15NNMR spectrum
of CHS10 at r.t. Only one peak at -344.8 ppm attributed to non-derivatised amino
groups of GlcN units is visible, suggesting that the 2-N-position of chitosan was
not sulfated during the sulfation with sulfamidic acid. Possibly, the amino groups
were protonated under the applied sulfation conditions and thus a sulfation of
amino groups was not possible. Thus, an alkaline medium would be required for
the sulfation at 2-N-position (22).

Figure 3 displays characteristic liquid- and solid-state 13C NMR spectra of
CHS and chitosan. It has been reported that liquid-state 13C NMR spectroscopy
was used to quantitatively analyze chitosan and cellulose derivatives with only
small deviations of 1-2%, which makes this method feasible for calculating DSS
of CHS (34, 35). In the 13C NMR spectrum of CHS in D2O, a new peak at
67 ppm is notable, while the signal at 60.5 ppm in the 13C NMR spectrum of
chitosan disappears. The latter signal is attributed to C6 and the former to C6S
with sulfate groups at 6-O-position. The disappearance of the signal at 60.5 ppm
suggests the complete sulfation of the 6-O-position. Based on these both signals,
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the partial DSS at 6-O-position (DSS6) of CHS was estimated. As shown in Table
1, the homogeneous sulfation of chitosan produced CHS with diverse DSS6, while
the DSS6 of non-homogeneously prepared CHS was always 1. This difference
lies in the distinct sulfation processes: the non-homogeneous process preferred
the sulfation of the primary hydroxyl groups because of its high reactivity, while
the hydroxyl groups at 3-O-position were highly sulfated under homogeneous
conditions (9, 10, 27). The partial DSS at 3-O-position (DSS3) was calculated by
comparing the total DSS and DSS6 (Table 1). Thus, the sulfation patterns of CHS,
i.e. the distribution of the sulfate groups at 6- and 3-O-position, were regulated by
applying diverse sulfation statuses or sulfation parameters.

Figure 2. CP/MAS 15N NMR spectrum (-450 – -200 ppm) of CHS10 at r.t.

Moreover, the peak of C2 at 56.7 ppm in the 13C NMR spectrum of chitosan
shifts to 55.8 ppm after the sulfation. The signals attributable to C3, 4 and 5 are
visible in the range of 70–80 ppm in the 13C NMR spectrum of chitosan. After the
sulfation, the peak of C3/C3S shifts to around 78 ppm, while the signals of C4 and
C5 between 72 and 74 ppm overlap strongly.

Apart from the liquid-state 13C NMR spectroscopy, the sulfation of chitosan
can also be characterized by CP/MAS 13CNMR spectroscopy as depicted in Figure
3. After the sulfation, the peak of C1 at 106.3 ppm in the solid-state 13C NMR
spectrum of chitosan shifts to around 97.3 ppm (36). Furthermore, the signal of
C4 between 81 and 88 ppm is not observable after the sulfation. As well, the signal
of C6 at 61.2 ppm disappears, while a new signal at 69 ppm due to the complete
sulfation of primary hydroxyl groups is notable. Moreover, the peak of C2 at 58
ppm shifts slightly to 56.6 ppm, and the peak at 75.8 ppm derived from C3 and 5
shifts to 73.6 ppm after the sulfation. Additionally, the signals in the solid-state
13C NMR spectrum of CHS became broader than those of chitosan, indicating the
formation of a more amorphous product than the starting chitosan (37).
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Figure 3. Above: 13C NMR spectra (110-50 ppm) of (a) chitosan in 1% aqueous
acetic acid, (b) CHS4, (c) CHS6 and (d) CHS10 in D2O at RT. Bottom: CP/MAS

13C NMR spectra (120-40 ppm) of (a) chitosan and (b) CHS6 at r.t.

Water-soluble CHS with diverse total DSS/DSS6/DSS3 and therefore distinct
sulfation patterns with sulfate groups at 3/6-O-position can be prepared using
sulfamidic acid besides chlorosulfonic acid (23). By varying the sulfation status
and parameters, total and partial DSS could be regulated. The distribution of the
sulfate groups within sulfated polysaccharides was proposed to be important for
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their biological activities. As reported before, sulfated cellulose and chitosan
demonstrated anticoagulant activities and the sulfate groups at 6-O-position
were assumed to be necessary (38, 39). The enhanced bioactivity of BMP2 by
CHS was suggested to be primarily attributable to the sulfation at 6-O-position
(21). Furthermore, the sulfate groups at 6-O-position in heparin played a pivotal
role in its interaction with FGF (4). Rising contents of sulfate groups among
heparin oligosaccharides, i.e. rising total DSS and especially DSS6, increased
FGF2-induced proliferation (40, 41). Moreover, it was found that the distribution
of sulfate groups among chondroitin sulfate oligosaccharide was critical for its
interaction with growth factors (42). Thus, the determination of the distribution
of sulfate groups within CHS and the elucidation of their structures are important
for subsequent investigations of their biological properties.

Apart from the DSS, the molecular weight of sulfated polysaccharides is
another important feature influencing their properties (43, 44). Figure 4 illustrates
typical SEC chromatograms of CHS prepared by sulfamidic acid. The molecular
weights in the form of number-average degree of polymerisation (DPn) as well as
mass-average degree of polymerisation (DPw) were calculated based on the SEC
analysis (Table 1). According to the data, the DPn of obtained CHS decreased
with longer sulfation time, comparing CHS1 and 2 or CHS8 and 9. Higher
sulfation temperature and larger amount of sulfamidic acid also reduced the DPn
of CHS significantly (Figure 5). Especially, the sulfation temperature decreased
the DPn more strongly than the amount of sulfamidic acid.

Figure 4. SEC elution patterns of CHS1, 2, 6, 9 and 10.
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Figure 5. DPn of non-homogeneously prepared CHS depending on molar ratios in
mol sulfamidic acid per mol GlcN units (□) and reaction temperatures in °C (●).

The polydispersities, i.e. DPw/DPn, of obtained CHS were determined
to be between 1.49 and 4.8 (Table 1), indicating wide distributions of their
molecular weights. Furthermore, the polydispersity decreases with higher
sulfation temperature or larger amount of sulfamidic acid (Table 1). A very low
polydispersity of 1.49 was determined for the CHS11 which was prepared at
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high temperatures of 90°C for 24 h. Thus, at high sulfation temperature, chitosan
chains should be strongly degraded down to a certain level, and relatively uniform
distributions of molecular weights were achieved. The contents of sulfate groups
in CHS may also affect the average sizes of the sulfated chitosan chains in an
aqueous solution.

Cytotoxicity Measurement

Cytotoxicity measurements of CHS4 and CHS5 were performed to ensure
that these CHS for further mitogenic and osteogenic investigations are not toxic
for cells. As shown in Figure 6, CHS4 and CHS5 showing low and high total DSS
of 1.1 and 1.77 did not demonstrate significant toxicity to 3T3-L1 fibroblast cells.
Therefore, CHS can be used for further mitogenic and osteogenic investigations.
As reported before, cellulose sulfate and cellulose sulfate containing carboxyl
or carboxymethyl groups also did not exhibit significant cytotoxicity to 3T3-L1
fibroblast cells (29).

Figure 6. Cytotoxicity measurement of CHS4 and CHS5 in comparison to control
(DMEM only). Viability was measured by QBlue assay with 3T3-L1 fibroblast
cells treated with CHS4 or CHS5 at a concentration of 500 μg/ml or only with

DMEM.

Biological Activity of CHS

Figure 7 shows the effect of heparin, CHS4 and CHS5 at two different
concentrations of 50 and 500 μg/ml on the mitogenic activity of FGF2. In
comparison to heparin, CHS4 and CHS5 enhanced the mitogenic activity of
FGF2 more strongly at low concentration of 50 μg/ml. Moreover, CHS5 with a
total DSS of 1.77 showed a higher effect than CHS4 with a lower total DSS of
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1.1. However, at higher concentration of 500 μg/ml, CHS4 had a similar effect as
heparin, while CHS5 exhibited a significantly lower effect.

It has been shown that cellulose sulfates with high total DSS demonstrated
remarkable mitogenic activity compared to heparin. The total DSS and sulfation
pattern of cellulose sulfates are proposed to be relevant to their effects on the
mitogenic activity of FGF2. Protection of FGF2 against proteolytic degradation
was assumed to be a reason for the prolongation of the mitogenic activity of FGF2
(29). However, the effect of cellulose sulfates with total DSS of less than 1.8
was lower than that of heparin at concentrations of up to 1000 μg/ml. In the
present study, CHS showed higher effects than heparin at 50 μg/ml. Possibly,
CHS could protect FGF2 against proteolytic degradation more effectively due to
the presence of amino groups and therefore higher binding activity to the binding
sites in FGF2 (4).

Figure 7. Mitogenic activity of 50 and 500 μg/ml CHS or heparin in the presence
of FGF2. Proliferation was measured after incubation of 3T3-L1 fibroblast with

CHS or heparin and FGF2. Black for 50 and gray for 500 μg/ml.

CHS with high total DSS also promoted the effect of BMP2-induced
osteogenic activity (21). As shown in Figure 8A, CHS5 with a total DSS of 1.77
caused a significant increase of BMP2-induced ALP activity, but this effect is only
very significant at concentrations below 400 ng/ml. At the concentration of 400
ng/ml, CHS5 showed only a slightly higher effect compared to the experiment
without CHS5. Moreover, the protein content was measured to quantify amounts
of C2C12 cells after incubations (Figure 8B). It is obvious that the amounts of
cells were higher after the incubations without CHS5 at higher concentrations of
100, 200 and 400 ng/ml. An inhibitory effect possibly dominated the incubation
of cells in the presence of CHS.

Figure 9 visualizes the effect of CHS on the BMP2-induced ALP secretion.
BCIP and NBT were used for histochemical staining of C2C12 cells. C2C12 cells
demonstrated faint blue staining. It is evident that the application of 2.5 µg/ml
CHS5 in the presence of 200 ng/ml BMP2 caused stronger blue staining than the
control. However, if a higher concentration of 10 µg/ml CHS5 was used, the ALP
expression decreased significantly resulting in weaker staining.
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Figure 8. Effect of different BMP2 concentrations on ALP expression and protein
contents. Cells were cultured for three days with 0, 50, 100, 200 or 400 ng/ml
BMP2 with or without 0.6 µg/ml of CHS5. (A) ALP activity was measured after
3 days with p-nitrophenylphosphate. (B) Protein content was measured after 3
days with BCA + CuSO4. The values represent means ± standard deviations
(n = 8), *p < 0.01, **p < 0.001, ***p < 0.0001 calculated by Student’s test.
For ALP: significant difference between the samples with and without CHS5
for different BMP2 concentrations, respectively. Protein content: significant
difference compared to the control without BMP2/without CHS5. (Reproduced

with permission from reference (30), Copyright 2011 Elsevier).
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Figure 9. Expression of ALP activity by C2C12 cells. Cells were cultured for
3 days in the presence of 200 ng/ml BMP2 and 2.5 or 10 μg/ml CHS5. Control
with 200 ng/ml BMP2 only ALP was visualized by histochemical staining with
NBT and BCIP. (Reproduced with permission from reference (30), Copyright

2011 Elsevier).

Conclusion

Various CHS with distinct contents of sulfate groups as well as sulfation
patterns were synthesized with sulfamidic acid or chlorosulfonic acid as sulfating
agents. The sulfation proceeded homogeneously or non-homogeneously,
producing CHS with total DSS between 1.1 and 1.77. The DSS6 were determined
to be in the range of 0.69-1, while no sulfation at 2-N-position was detectable.
The obtained CHS are polydisperse and demonstrate big aggregates after
lyophilization. CHS did not show significant cytotoxicity. At a concentration
of 50 μg/ml, CHS enhanced the mitogenic activity of FGF2 more strongly than
heparin. However, at a higher concentration of 500 μg/ml, both lowly and highly
sulfated CHS showed lower effect on the mitogenic activity of FGF2 than heparin.
Moreover, CHS5 with high total DSS of 1.77 promoted of BMP2-induced ALP
expression at concentrations up to 400 μg/ml, but the protein contents decreased
at concentrations higher than 100 μg/ml.
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Chapter 17

Sulfated Glycosaminoglycan Building Blocks
for the Design of Artificial Extracellular

Matrices
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Sulfated glycosaminoglycans are important constituents of
the natural extracellular matrix (ECM) of mammals offering
a promising potential to design bioactive materials for tissue
repair and reconstruction. The biological properties of these
biomacromolecules are strongly influenced by the degree of
sulfation and the sulfate group distribution in the polymer.
We report on new synthesis pathways for the sulfation of
hyaluronan and chondroitin sulfate enabling control of the
degree of sulfation and regioselectivity. In addition, first results
on the formation of artificial ECM based materials and their
interaction with protein-based growth factors are presented.

Introduction

The natural extracellular matrix (ECM) in mammalian tissues is the optimum
medium nature has created to surround and support cells. Due to its complex
composition, architecture and functionality, ECM is not only able to support
cells, but also to mediate important cellular processes such as cell proliferation,

© 2012 American Chemical Society
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differentiation and cellular signalling. Structurally, native ECM is an interlocking
polymer mesh mainly formed from fibrous proteins such as collagens, elastin,
fibronectin and laminin, and protein-linked glycosaminoglycans (GAGs),
so-called proteoglycans.

Driven by the superior properties of ECM with regard to cell hosting, various
strategies have been proposed to use main components of the natural ECM as
biomaterials in implantology and regenerative medicine (1–3). Examples of those
potential applications are matrices for tissue development after cell seeding (4, 5)
and bioactive implant coatings to improve implant integration into the surrounding
tissue (6, 7). Compared to synthetic materials, ECM-containing polymers have
several advantages including a high cytocompatibility, a complete degradability in
the body and the ability to directly interact with cell receptors. In addition, it has
been known for several years that proteoglycans derived from high-sulfated GAGs
such as heparan sulfate (HS) or heparin are able to bind to certain secreted protein
growth factors by ionic interactions between basic residues in the protein and
negatively charged sulfate groups of GAG (8, 9). As a result of this GAG-growth
factor interaction macromolecular complexes might be formed protecting growth
factors in their active conformation against proteolytic attacks and generating local
depot forms for growth factors to act on a restricted number of cells. Therefore, the
systematic exploration of those growth factor-GAG interactions offers promising
access to new innovative biomaterials able to actively stimulate tissue repair or
implant ingrowth.

Lacking effective synthesis procedures, the reproducible availability of
complex high-sulfated GAG such as HS in larger quantities is difficult. By
contrast, both non-sulfated hyaluronan (HA) available from an industrial-scale
fermentation process and also chondroitin sulfate (CS), a low-sulfated GAG,
which is isolated from different animal sources, can be easily produced in
large amounts. The use of HA or CS as starting materials for the synthesis of
high-sulfated GAG represents an interesting approach to provide building blocks
for the construction of artificial ECM materials mimicking not only the structure
but also selected cell-relevant properties of natural ECM. Taking into account
that the biological activity of sulfated GAGs is determined not only by the degree
of sulfation (DSS) but also by the position of sulfate groups and the presence of
additional substituents in the anhydrosugar repeating unit (ASU) (10), the major
challenge of this approach is to establish regioselective sulfation procedures
enabling effective control of the substitution pattern in the resulting GAG sulfates.
While those regioselective reactions for homopolysaccharides such as cellulose
(11) or chitosan (12) have been known for many years, only very few examples
are reported for the introduction of sulfate groups at a pre-determined position
within the ASU of heteropolysaccharides like complex GAGs (13, 14).

This chapter aims at surveying our recent work on synthetic routes to obtain
sulfated HA and CS derivatives with both an adjustable degree of sulfation and
a pre-determined distribution of sulfate groups within the ASU. In addition,
first results are presented to test the potential of the synthesized sulfated GAG
derivatives mimicking natural ECM-containing GAG components. For this
purpose, the use of sulfated HA and CS to construct artificial ECM and the ability
of sulfated GAG to interact with selected growth factors were studied.
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Conventional Sulfation of Glycosaminoglycans

Hyaluronan (HA), the only non-sulfated GAG, and chondroitin sulfate
(CS), the most abundant GAG, have already been used as starting materials for
sulfation for many decades (15–17). While these early attempts mainly used
sulfuric acid or chlorosulfonic acid as reagents, today’s sulfation agents of choice
are complexes of SO3 with organic amines and amides (17–19). The diverse
SO3 complexes are relatively mild reagents that cause less degradation, and
they feature different reactivities. Hence, they allow a controlled synthesis of
derivatives with an adjusted degree of sulfation in the range of 0/1 (for HA and
CS, respectively) ≤ DSS ≤ 4, whereas SO3/DMF is the preferred reagent for the
synthesis of high-sulfated derivatives and SO3/pyridine for the lower degrees of
sulfation (20–22). The reactions are usually performed in aprotic solvents such
as DMF at room temperature. To increase the solubility of the educts in aprotic
solvents and thus also their reactivity, HA and CS were transferred into their
corresponding tetrabutylammonium (TBA) salts before sulfation (Figure 1).

Studies on the regioselectivity of this reaction prove that the primary hydroxy
group at C6′ reacts preferably. The 13C NMR of a low-sulfated HA with a DSS =
1 evidences that only the primary hydroxy group is sulfated (20, 23). Since native
CS usually occurs as a mixture of a C4′- and C6′-sulfate, an oversulfation cannot
lead to a product that is only sulfated at C6′. But also here NMR studies prove that
the reaction appears at first at the primary hydroxy group as illustrated in Figure 2.
The peak for the non-sulfated C6′ in the native CS (DSS = 0.9, 70% of the sulfate
groups at C4′, 30% at C6′, Figure 2A) at about 62 ppm completely disappears in
the sulfated derivative with a DSS = 1.8 (Figure 2B) and the signal for the sulfated
C6′ at 68 ppm increases, while the other signals remain.

Figure 1. Synthesis of HA sulfates with different degree of sulfation.
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Figure 2. Detail of the 13C NMR spectrum of native chondroitin sulfate (DSS =
0.9; A) and sulfated chondroitin sulfate (DSS = 1.8; B).

Recent results of a more detailed investigation on the regioselectivity of the
sulfation of HA by comparative 13CNMR suggest a reactivity sequence as follows:
C6′ >> C2 / C3 > C4′ (Figure 3).

Figure 3. Comparative 13C NMR study on the regioselectivity of HA sulfation.
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To allow a coupling of linker molecules, bioactive agents or proteins or to
activate the sulfated GAGs for an immobilization to surfaces, an introduction of
further substituents can be useful. Very suitable for the mentioned applications
are carboxymethyl groups that can easily be introduced with a low degree of
substitution (DSCM ≈ 0.5) into the HA backbone before sulfation with varying
DSS.

Synthesis Strategies for the Controlled Regioselective Sulfation
of Glycosaminoglycans

As already mentioned, not only the degree of sulfation, but also the
distribution of the sulfate groups over the ASU strongly influences the biomedical
properties of the sulfated GAGs (24, 25). That’s why we focus on the synthesis
of sulfated GAGs with a well-defined regiochemistry that allows a detailed
investigation of the effect of the position of the sulfate groups on the biomedical
properties. Since the conventional sulfation preferably occurs at the primary
hydroxy group, synthetic routes for derivatives with sulfate groups mainly or
exclusively at the secondary ones are of particular interest.

One approach to obtain derivatives with the desired regiochemistry
is the selective desulfation of high-sulfated GAGs by means of silylating
agents such as N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) and
N,O-bis(trimethylsilyl)acetamide (BTSA, see Figure 4).

This method has already been described for some sulfated monosaccharides
and heparin (26–28) and was adapted by our group for the desulfation of sulfated
HA and CS. Therefore, a high-sulfated HA or CS derivative is transferred into
the corresponding pyridinium or tributylammonium salt, respectively, and then
reacted with one of the above silylation agents (23).

Figure 4. Reaction scheme for the desulfation of high-sulfated GAGs.

Investigations of the sulfur content in the elemental analysis of the products
reveal that already after 4 h treatment with BTSA the DSS of a sulfated HA can
be reduced from DSS = 3.1 to DSS = 2.6. When the reaction is continued for 24 h
the DSS even decreases to 2.3. A comparison of the different educts and reagents
shows that the pyridinium salts react faster than the tributylammonium salt of the
starting sulfated GAGs and that there is no significant difference between BTSA
and MSTFA as desulfation agent concerning the effectiveness of the reaction.

For an investigation of the regioselectivity of the reaction the 13C-APT NMR
spectra of the products were consulted. Figure 5 shows exemplarily details of the
13C NMR spectra of a high-sulfated HA (Figure 5A) and the above-mentioned
desulfation products with BTSA after 4 h at 60 °C (5B) and 24 h at 60 °C (5C)
reaction time, respectively. After 4 h C6′ is partially desulfated (new peak at 62
ppm) and all other signals remain. However, after 24 h reaction time C6′ is not yet
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completely desulfated, but a signal of the free hydroxy group at C4′ appears at 69
ppm. When the reaction is performed at 80 °C, C6′ is completely desulfated after
24 h and C4′ is desulfated to 80%. Thus, the reaction proceeds regioselectively
at the primary hydroxy group, but the sulfate group there cannot be completely
cleaved without also desulfating secondary ones. Similar reaction courses were
found for all starting materials and reaction conditions examined.

A second approach to obtain sulfated HA and CS, respectively, with the
desired regioselectivity is a sulfation with prior introduction of protecting groups.
The benzoyl ester group turned out to be most applicable to protect the primary
hydroxy group at C6′ of the HA backbone from a subsequent sulfation, because
it is sterically demanding enough to allow regioselective functionalization and is
stable under the acidic sulfation conditions (Figure 6).

Figure 5. Details of 13C-APT NMR spectra of high-sulfated HA (A) and
desulfated products after 4 h (B) and 24 h (C), respectively, with BTSA.

Afterwards, the protecting group can easily be cleaved under basic conditions
and a high-sulfated HA with DSS = 2.6 is obtained (23). The 13C-APT NMR
(detail shown in Figure 7A) proves that the primary hydroxy group at C6′ remains
completely unsulfated.

When native CS (DSS = 0.9, 70% of the sulfate groups at C4′, 30% at C6′) is
treated the same way, a sulfated product with a similar DSS is obtained. However,
the regioselectivity is considerably lower. More than 60% of the primary hydroxy
groups at C6′ are sulfated, as can be seen in Figure 7B. The reason for this is
probably the sterical hindrance of C6′ by C4′, which is axially oriented in contrast
to HA in CS. That’s why we exchanged the benzoic ester in the synthesis pathway
for a smaller protecting group, an acetic ester, which should be able to access C6′
more easily. The final sulfated and deprotected product features a similar DSS as
that obtained by the original protocol. However, the 13C-APTNMRproves that the
regioselectivity is much higher (Figure 7C). The ratio between the sulfated C6′ and
the unsulfated one is found to be similar to the native CS (see Figure 5C), which
means that the protection was successful and no further sulfation of the primary
hydroxy group occurred.
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Figure 6. Synthesis of HA sulfate with free primary hydroxyl group by using
a benzoyl protecting group.

Figure 7. Details of 13C-APT NMR spectra of a high-sulfated HA (A) and CS (B,
C) synthesized using different protecting groups (PG).

Formation of Artificial ECMs from Sulfated GAGs

The integration of an implant is determined by the interaction of cells at
the interface with the surrounding tissue. One promising strategy to improve
the biological acceptance of implants is to employ biological implant coatings
consisting of ECM components to mimic the natural surroundings of cells and to
make use of its biological features. In vivo the ECM provides not only a scaffold
for cell adhesion, but also influences cellular functions either directly through the
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interaction with cells or indirectly via capturing and presenting growth factors
(29–32). The ECM is a complex network consisting of a number of different
collagens, proteoglycans and glycoproteins. The exact composition is depending
on the tissue type. In bone, about 90% of the protein matrix is collagen type
I, forming banded triple-helical fibrils self-aggregation. The resulting fibrillar
architecture is influenced, for example, by the interaction with proteoglycans
(33). The process of self-aggregation can also be observed in vitro being sensitive
to the experimental conditions chosen (34).

Several reports demonstrated that matrix coatings of collagen type I improved
not only cellular attachment in in vitro experiments, but also induced bone
apposition in animal experiments (35–37).

To create artificial ECM coatings with a potentially wider range of functions,
non-collagenous components with specific functionalities were integrated into the
collagenmatrices. One obvious group of candidates, the proteoglycans, is found in
the bone matrix, for which decorin is an example (38). It consists of a core protein
that is glycosylated with a chondroitin sulfate (CS) chain. It is thought to promote
the calcification of the matrix (39) and is expressed by differentiated osteoblasts
before mineralization (40). Decorin is also reported to bind TGF-β, an important
growth factor in the metabolism of bone (41).

Other promising candidates are the GAGs, since sugars without core protein
may be less immunogenic. Some of their members, such as HS and heparin, are
well known to interact with ECM components (collagen, fibronectin), influencing
their affinity for integrins (42). Equally important is that they function as
co-receptors for growth factors including fibroblast growth factor (FGF) and
vascular endothelial growth factor (VEGF) and interact with interleukins possibly
modulating the inflammatory response (43–45).

Artifical ECM were created from collagen type I and decorin or native CS
(associated with decorin in bone) in different buffer systems at 37 °C using
the natural self-assembly potential of collagen. They were then characterized
for the integration of collagen monomers, the association of non-collagenous
components and the fibrillar morphology. In general, the effect of ionic strength
in the fibrillogenesis buffer (buffer A: 30 mM sodium phosphate buffer, buffer
B: like buffer A, but with 135 mM sodium chloride, both buffers pH = 7.4) on
collagen monomer integration was rather small.

Adding decorin prior to fibrillogenesis started to negatively affect the
integration of collagen into fibrils at decorin to collagen ratios of 1:10 in both
buffer systems. The presence of 1:10 native CS also reduced the integration
of collagen, but to a lower extent than decorin. However, the integration of
collagen monomers was not severely hampered, since more than 90% of the
original amount of employed monomers were still integrated in the presence of
non-collagenous components. It is noteworthy that the amount of monomers
integrated was depending on the collagen type I preparation and the effect of
non-collagenous components can be more pronounced with different preparations
(6). Decorin and CS were associated with collagen fibrils, with higher amounts
when buffer A was used (6).

The fibrillar morphologywas influenced by the ionic strength and the presence
of non-collagenous components. However, the general fibrillar structure was not
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disrupted and the typical binding pattern was preserved (Figure 8). The fibril
diameter increasedwith ionic strength (Figure 8, A andD), while it decreased again
in the presence of decorin and CS (Figure 8, D and E and F). Amore heterogeneous
distribution of fibril diameters with some larger aggregates was apparent in the
presence of CS in buffer A (Figure 8, A and C).

Figure 8. Collagen fibrils adsorbed to titanium (Ti6Al4V) discs. AFM contact
mode, (A) collagen buffer A, (B) collagen with 25 μg/mL decorin buffer A, (C)
collagen with 25 μg/mL CS buffer A, (D) collagen buffer B, (E) collagen with 25
μg/mL decorin buffer B, (F) collagen with 25 μg/mL CS buffer B. Represented
area 5 μm × 5 μm. Reproduced with permission from reference (32). © 2006

John Wiley and Sons.

In summary, it was possible to assemble artificial ECM from collagen type I
and decorin/CS without severely disrupting the fibrillar architecture.

Investigations on Interactions of Glycosaminoglycan Sulfates
with Cellular Growth Factors

Heparin and heparan sulfate (HS), but also high-sulfated CS, are known to
interact with a variety of proteins including growth factors and chemokines (8, 46,
47). The interactions are of importance in stabilizing proteins from denaturation
or proteolysis, in preventing diffusion and allowing local storage of proteins,
which enable them to act on a restricted number of cells and in stabilizing
growth factor receptor complexes, thereby facilitating signal transduction (8).
The naturally occurring sulfate groups in GAGs were identified to be of major
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importance in protein binding. The interaction can be highly specific to a defined
sulfation pattern. Miyazaki et al., for example, showed that the sulfation of C4′
and C6′ in the galactosamine unit of CS was of special importance for high affinity
binding of CS-E to BMP-4 (46). The strongly anionic sulfate groups interact
with basic amino acid side chains found, for example, in the N-termini of bone
morphogenetic protein-2 and -4 (BMP-2 and -4) (48).

Figure 9. SPR sensorgrams of the interactions of different GAGs with
immobilized BMP-4. Arrow A indicates the starting point of the GAG injection.
Arrow D indicates the end of the sample injection. Adapted with permission from

reference (20). © 2009 American Chemical Society.

Consequently, we investigated GAG derivatives with different degrees of
sulfate groups and varying regioselectivity to identify new forms of HA and
CS with defined modification patterns and interaction profiles for biomedical
application.

The interaction between sulfatedHA andCSwith growth factors was analyzed
by surface plasmon resonance (SPR) at 25 °C recording mass-based changes due
to interaction at a sensor chip surface and enzyme-linked immunosorbent assay
(ELISA). In both cases, one interaction partner was immobilized while the other
was free in solution. Figure 9 displays a comparison of the interaction response
levels of different GAGs at certain concentrations with immobilized BMP-4 as
derived by SPR. The responses for 50 μg/ml HA, CS and HS were significantly
smaller than for a five times smaller amount of low sulfated HA (sHA1.0) with
DSS = 1.0.

A quantification of the affinity of different GAGs for BMP-4 by the overall
dissociation constant KD revealed that high-sulfated HA with DSS = 2.8 (sHA2.8)
was about 2000 times more affine than the low-sulfated HA (sHA1.0, DSS = 1.0)
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which in turn was up to 700 times more affine than HS, CS and HA (not shown)
(20).

To verify these findings, the interaction between GAGs and BMP-4 was also
analyzed by ELISA assay. The amount of bound BMP-4 was calculated from the
amount of non-bound BMP-4 as determined in the supernatant after incubation
of immobilized GAG with different concentrations of growth factor for 16 h at 4
°C (Figure 10). Again, high-sulfated sHA2.8 and low-sulfated sHA1.0 retained
significantly more BMP-4 than HS, CS and HA. Importantly, as in SPR, sHA2.8
retained significantly more growth factor than sHA1.0.

In summary, we confirmed with two independent assays that the modification
of HA with sulfate groups gave macromolecules with significantly higher binding
affinities in comparison to the native GAGs HS, CS and HA.

Figure 10. Sandwich-ELISA of the interaction of BMP-4 with immobilized GAGs.
Adapted with permission from reference (20). © 2009 American Chemical

Society.

Conclusion

The conventional sulfation of HA and CS usually produces GAG derivatives
in which the primary OH-group is preferentially sulfated. Due to the proposed
influence of the sulfation pattern of the repeating saccharide unit of GAGs on their
biological properties there is a special interest in products with different sulfation
patterns. Hence, regioselective GAG sulfation pathways, namely the desulfation
of high-sulfated HA and CS, respectively, and a protecting group strategy to block
the primary OH-group of HA during sulfation, were established. According to the
latter strategy, a high-sulfated HA completely unsulfated at the primary OH-group
was synthesized.
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First investigations to create artificial ECM coatings have demonstrated that
it is possible to assemble artificial ECMs from collagen type I and decorin/CS
without severely disrupting the fibrillar architecture. In addition, it was shown
by SPR and ELISA techniques that sulfated HA had a higher binding affinity to
the growth factor BMP-4 in comparison to native HA and even sulfated GAGs
such as CS and HS. Readily available sulfated GAGs based on HA or CS are
therefore promising candidates to be incorporated in artificial ECM to add growth
factor attracting features to collagenous matrices as bioengineered coating of
biomaterials.
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Chapter 18

Advances in the Application of Oxidative
Enzymes in Biopolymer Chemistry and

Biomaterial Research

Gibson S. Nyanhongo, Endry Nugroho Prasetyo,*
Enrique Herrero Acero, and Georg M. Guebitz

Graz University of Technology, Institute of Environmental Biotechnology,
Petersgasse 12/1, A-8010 Steiermark, Graz, Austria

*E-mail: nugrohoprasetyo@tugraz.at

Enzymatic polymer synthesis is fast emerging as an alternative
tool to chemical catalysts driven by advances in enzyme
molecular engineering, increasing knowledge in enzyme
reaction engineering and the desire to fulfill the goals of
sustainable development. Among the enzymes actively
exploited in polymer chemistry are oxidative enzymes,
especially fungal laccases and peroxidases. The most
fascinating features of these enzymes are their ability to generate
reactive species which undergo non-enzymatic coupling and
polymerization reactions. This chapter therefore summarizes
the different approaches and strategies used in order to produce
the desired functional polymers with oxidative enzymes. This
is important given the multidisciplinary nature of enzyme
polymer synthesis, which requires the integration of chemical
engineering principles and enzyme catalysis. This chapter will
therefore provide scientists from different backgrounds with an
enzyme-based platform for developing functional polymers.

© 2012 American Chemical Society

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
A

ug
us

t 2
8,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 A

ug
us

t 1
7,

 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

10
7.

ch
01

8

In Functional Materials from Renewable Sources; Liebner, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Introduction
The process for the synthesis of functional polymers has evolved through

distinct phases with acids and bases as catalysts dominating the production
processes until the 1920s (1), followed by metal catalysts which became
popular in the 1950s. Advances in biotechnology have witnessed increased
interests in enzymes as catalysts. Enzymatic polymer synthesis methods are
fast evolving as an alternative tool to chemical catalysts, driven by advances
in enzyme molecular engineering, increasing knowledge in enzyme reaction
engineering as well as the desire to fulfill the goals of sustainable development.
In addition to being environmentally friendly, enzymes as catalysts provide the
opportunity to synthesize a well-defined structure with controlled stereochemistry,
regio-selectivity and chemo-selectivity. Among the enzymes increasingly being
applied in polymer chemistry are oxidative enzymes especially, fungal peroxidases
and laccases. These enzymes are widely investigated for many biotechnological
applications including personal care, organic synthesis, biosensors, textile
industry, waste remediation, synthesis of biomedical functional polymers etc.

Although several authors have reviewed the different biotechnological
applications of oxidative enzymes, according to our knowledge there is
hardly any work which summarizes the evolving strategies for the successful
synthesis, modification or functionalization of polymers by oxidative enzymes.
It has become clear that successful development of functional polymers
requires careful reaction engineering skills, drawing expertise from many
disciplines (biochemistry, organic chemistry, material science, nanotechnology,
chemical/process engineering etc.) as well as knowledge of the different possible
experimental setup strategies. This chapter therefore tries to summarize the
different approaches and strategies that are employed for the successful synthesis,
modification or functionalization of polymers. It should be noted, however, that
given the multitude of studies conducted so far, only a few selected examples can
be discussed.

Attractive Features of Peroxidases and Laccases for Application
in Polymer Chemistry

Besides their robustness and easiness in handling, the most fascinating
features of oxidative enzymes include their ability to generate reactive
species and their wide substrate specificity. Enzymatic synthesis or polymer
modifications processes with oxidases mimic the same natural processes of these
enzymes, converting substrates into reactive species which can cross-couple
non-enzymatically.

For example, laccases (benzenediol: oxygen oxidoreductase, EC 1.10.3.2)
catalyze the oxidation of various phenolic substrates (phenols, polyphenols,
anilines, aryl diamines, methoxy-substituted phenols, hydroxyindols,
benzenethiols, inorganic/organic metal compounds and many others) (Figure 1)
with the simultaneous reduction of molecular oxygen to water (2–4). In insects
these enzymes participate in the synthesis of protective pigments while in plants
they participate in the synthesis of lignin and other secondary metabolites (5).

330

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
A

ug
us

t 2
8,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 A

ug
us

t 1
7,

 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

10
7.

ch
01

8

In Functional Materials from Renewable Sources; Liebner, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Laccases have four copper atoms in the active site (T1, T2, T3) and a redox
potential between 0.45 – 0.8 V against the normal hydrogen electrode (NHE)
(6–8). The T1 copper abstract electrons from the substrate (AH) which are
transferred to the trinuclear T2/T3 cluster were they reduce molecular oxygen to
water and a substrate radical (A.) (Figure 1).

Figure 1. Laccase reaction action mechanism.

Unlike laccases which contain copper at their active site, peroxidases (EC
1.11.1.7) are oxidative enzymes with a ferric protoheme group at the redox
center. Generally, peroxidases require hydrogen peroxide and their catalytic
cycle is characterized by electron transfer from an oxidizable substrate, formation
and reduction of compound I (a porphyrin π-cation radical containing FeIV)
and compound II intermediates (oxyferryl center coordinated to a normal
porphyrin ligand) (Figure 2). The resting enzyme reacts with H2O2 to produce
the two-electron oxidized intermediate, compound I, which in turn oxidizes the
substrate (AH) to yield the one-electron oxidized intermediate compound II and a
substrate radical (A.). Compound II returns to the resting enzyme by oxidizing a
second substrate molecule. The free radical can undergo a variety of reactions.

The most widely used peroxidases in polymer chemistry include plant
peroxidases, soybean peroxidases, fungal peroxidases (lignin peroxidases,
manganese peroxidases and versatile peroxidases). The redox potential of lignin
peroxidases is approximately 1.4 V vs NHE (9), horseradish peroxidase is 0.95 V
(10) while Mn3+ produced by manganese peroxidase has a redox potential of 1.51
V (11). Manganese peroxidases [EC 1.11.1.13] unlike lignin peroxidases, oxidizes
Mn2+ to Mn3+, which acts as a diffusible oxidizer attacking both phenolic and
non-phenolic lignin units inside the polymer. Versatile peroxidases (EC 1.11.1.16)
have been described as a third type of lignolytic peroxidase produced by fungi,
which combines the catalytic properties of peroxidases and manganese (12).
Molecular characterization of versatile peroxidase enzymes reveals structures
closer to lignin peroxidase than to the manganese peroxidase (12).
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Figure 2. General reaction mechanism of lignin peroxidase and manganese
peroxidase (Mn).

Although the major substrates of peroxidases and laccases are phenolic
compounds, these enzymes have proved to be versatile biocatalysts with abilities
to oxidize even wider varieties of natural and synthetic molecules (13). The
generated reactive species are able to attack other molecules as well as polymers
(14) thereby indirectly extending the activity of these enzymes.

Reaction Engineering Strategies for Production of Functional
Polymers

Successful production of functional polymers based on laccases and
peroxidases depends on a number of factors, including reactivity of substrates
with enzymes, reactivity of oxidized substrates to each other or with the target
molecule, solvent compositions, pH and many other reaction conditions which
require optimization. These factors influence the choice of the process conditions
for polymer functionalization. Various strategies have been investigated and
applied during the production of functional polymers including:

• simultaneous direct oxidation of both substrates leading to cross-coupling
and formation of novel functional polymers,

• the use of cross-linkers molecules (bifunctional reactive molecules e.g.
phenolic amines) to facilitate the binding of polymers or functional
molecules,
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• the use of small, highly reactive molecules (mediators) which oxidize
either the target polymer or functional molecule for subsequent coupling
or grafting reactions,

• grafting reactive molecules which act as anchor groups for coupling
functional molecules

• and the use of templates.

Strategies for the Synthesis of Functional Polymers

Direct Oxidation of Substrates Causing Cross-Coupling and Formation
of New Functional Polymers

This is one of the most commonly used approaches. The functional
molecules or the target polymer is oxidized by laccases or peroxidases resulting
in the generation of reactive species which in turn cross-react. A typical
example of this strategy include laccase-catalyzed coupling of fluorophenols
onto wood veneers to increase hydrophobicity (15, 16). The wood veneers
were incubated with fluorophenols in the presence of laccase. Laccase oxidized
both the wood veneers and the fluorophenols leading to the grafting of the
fluorophenols onto the surface of the veneers and subsequent increase in
hydrophobicity. In vitro mechanistic studies performed with complex lignin
model compounds showed the ability of laccase to mediate the coupling of
fluorophenol, e.g. 4-[4-(trifluoromethyl)-phenoxy]-phenol, onto different
complex lignin models, such as syringylglycerol-β-guaiacyl ether (G-S-β-ether),
guaiacylglycerol-β-guaiacyl ether (erol) and dibenzodioxocin (15, 16), present in
the wood as shown in (Figure 3).

Figure 3. Schematic representation of Laccase- or peroxidase-mediated grafting
of functional molecules onto different lignin moieties at a wood surface.
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For example, 4-[4-(trifluoromethyl)-phenoxy]-phenol was coupled onto
sinapyl units through 4-O-5 linkages and through 5-5 linkages onto guaicyl units
(Figure 3). The important role played by laccases in activating the lignin model
compounds was further confirmed by the fact that no coupling product was
detected during incubation of adlerol (no laccase substrate) with laccase-oxidized
4-[4-(trifluoromethyl)-phenoxy]-phenol (Figure 3). The presence of the methoxy
groups decreases the number of reactive sites on the aromatic ring of lignin
moieties available for cross-coupling reactions. This means that successful
modification of these highly methoxylated lignocellulose materials therefore
requires an intermediate demethoxylation step in order to increase oxidation
by oxidative enzymes. Direct oxidation of substrates leading to cross-coupling
and formation of new functional polymers is applied and has been successfully
used for synthesis of phenol-based adhesives or coating materials, processing of
fiberboards, and synthesis of several polymers as summarized in Table 1.

Table 1. Examples of direct oxidation leading to cross-coupling and
formation of functional polymers

Examples References

Synthesis of lignin-based adhesives (17–19)

Bonding of wood chips (20–23)

Grafting of hydrophobicity enhancers, such as lauryl gallate,
fluorophenols long-chain alkylamines onto lignocellulose materials

(24–26)

Grafting of antimicrobial compounds onto target polymers (27–34)

Synthesis of biocatalytically active hydrogel-based polymers (35–39)

Synthesis of high-molecular weight radical-scavenging antioxidant
polymer

(40, 41)

Functionalization of flax fibers with phenolic compounds (42)

Cross-Linker and Reactive Anchor Group Assistance for Development of
Functional Polymers

Cross-linkers are molecules with at least two reactive groups, e.g. reactive
amino groups and hydroxyl groups in phenolic amines. Cross-linkers are widely
used for bonding many different polymers as summarized in Table 2. For
example, Nimz et al. (43, 44) were among the first to successfully use technical
lignins modified with oxidative enzymes as cross-linkers for the production of
particle boards. Similarly, when Kühne and Dittler (45) incubated a whole culture
fermentation broth containing phenolics with rape-straw fibers, they obtained
medium-density fiberboards superior to those produced by incubating with a
purified Trametes versicolor laccase, indicating that the phenolic molecules acted
as cross-linkers. Different cross-linkers have also been used to increase the
mechanical strength and other properties of pulps. For example, the addition of
lignin-rich extractives as cross-linkers to laccase treated high-yield Kraft pulp
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(46) and addition of a low-molecular-weight ultra-filtered lignin fraction (47)
improved the mechanical properties of the pulps. Similarly incubation of different
pulps with low-molecular weight phenolic and cationic dyes (48–51), methyl
syringate (52) and aromatic amino acids (53) as cross-linkers also resulted in
improved strength of the pulp or paper. The enhanced improvement in mechanical
properties results from a combination of factors including grafting of oxidized
phenolic molecules onto the fibers, increase in carboxyl and hydroxyl groups
which promote hydrogen bonding and also the crosslinking of phenoxy radicals
inside the paper sheet. Widsten et al. (54) also produced superior fibers boards
in terms of mechanical strength by incorporating tannins as cross-linkers in the
presence of laccase.

Table 2. Functional polymers by cross-linker and reactive anchor group
assistance

Examples References

Production of particle boards with technical lignins as cross-linkers (43, 44)

Medium-density fiber boards produced from rape-straw fibers incubated
with whole fungal culture fermentation

(21, 45)

Pulp and paper: low-molecular-weight ultra-filtered lignin fraction,
phenolics and aromatic amino acids as cross-linkers

(46–53)

Fiber boards prepared by incorporating tannins in the presence of
oxidative enzymes

(54)

Use of chemo-enzymatically produced oxiranes for modifying
lignocellulose polymers

(55)

Phenolic cross-linkers during the synthesis of hydrogels for tissue
engineering, drug delivery and wound healing

(56–62)

Coupling of phenolic amines for subsequent functionalization (63)

Activation of inert polymers e.g. tosylated cellulose (64, 65)

Functionalization of polyethersulphonate membrane (66)

Grönqvist et al. (67) reported a 90% loss of radicals formed on
laccase-bleached thermo-mechanical pulp after an hour. In an effort to avoid the
loss of generated radicals in complex lignin polymers without coupling, Kudanga
et al (68) developed a novel strategy for creating a stable, reactive surface based
on grafting various structurally different laccase-oxidizable phenolic amines onto
lignocellulose material to act as anchor groups (Figure 4). The authors provided
in vitro evidence for the covalent binding of aromatic amines onto different lignin
model compounds (syringylglycerol-guaiacyl ether, erol and dibenzodioxocin)
(68), involving the hydroxyl group and leaving the –NH2 group free for further
coupling reactions as shown in Figure 4. Regardless of the chemical structure,
all the phenolic amines underwent C-C coupling with dibenzodioxocin and 4-O-5
coupling with syringylglycerol-guaiacyl ether, leaving the –NH2 group free to act
as an anchor group (Figure 4).

335

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
A

ug
us

t 2
8,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 A

ug
us

t 1
7,

 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

10
7.

ch
01

8

In Functional Materials from Renewable Sources; Liebner, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Grafting of these reactive aromatic amines onto beech veneers resulted in
increased coupling of antifungal molecules onto the reactive surface as compared
to the control (68). Kudanga et al. (55) also developed a novel non-selective
chemo-enzymatic process for the functionalization of polymers based on the
generation of oxiranes from unsaturated oils (Figure 5). Unlike the current
enzymatic processes which mostly target lignin in lignocellulose polymers, this
method is relatively non-selective (55) and therefore can react with many different
molecules. This means that this approach can also be used to modify many other
different polymers.

Figure 4. Laccase- or peroxidase-mediated grafting of a stable reactive surface
which can be used to further couple molecules of interest.

Figure 5. Chemo-enzymatic process for generating oxiranes to mediate the
development of functional polymers.
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Mediator-Assisted Polymer Functionalization

Mediators (small molecules which when oxidized by oxidative enzymes
form highly reactively molecules) are increasingly used to oxidize complex
substrates which are no direct substrates for oxidative enzymes. This is
because enzymes such as laccase have a rather low redox potential (E°)
between 0.45 V- 0.8 V vs. NHE. Mediators therefore enable laccase to
oxidize substrates which would normally be not its substrate, enable oxidation
of bulky substrates which cannot enter the active site of the enzyme or
oxidize molecules inside complex substrates where the enzyme itself has no
access. There are two main types of mediators currently being used: N–OH
type (e.g. 1-hydroxybenzotriazole, N-hydroxyphthalimide, violuric acid,
N-hydroxyacetanilide and 2,2,6,6-Tetramethyl-1-piperidinyloxy and ArOH type
(acetosyringone, syringaldehyde, vanillin, acetovanillone, sinapic acid, ferulic
acid, p-coumaric acid, etc). Basically, these mediators, as shown in Figure 6, are
oxidized by oxidative enzymes, e.g. laccases, under formation of radicals which
in turn oxidize the functional molecules or the target polymers, the mediators thus
undergoing reduction and subsequent re-oxidation by oxidative enzymes (Figure
6). The oxidized functional molecules and /or target polymer cross-react leading
to the formation of polymers with new properties (Figure 6).

Figure 6. Laccase/mediator-assisted oxidation of functional molecules and/or
target polymers.
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Mediators are widely investigated mainly to boost laccase degradation of
residual lignin in the pulp and paper industry (70), textile processing, cellulose
oxidation, polymer synthesis and degradation of notorious environmental
pollutants from many industrial processes (71). Many laccase-mediator
formulations are already on the market for industrial application including
Laccase/phenothiazinylpropionate developed by Novozymes (Denmark) used
for bleaching indigo on jean fabrics to give nice fastness color, Suberash®
used for cork modification and a Laccase/mediator system capable of bleaching
textile fibers developed by Zytex Mumbai, India (71). Codexis Inc., United
States, patented a binary mediator system, which, in combination with laccase,
selectively performs oxidation of 6-hydroxy groups of cellulose to carbonyl
and carboxyl groups which can be further modified by compounds bearing
amino or other reactive groups (71). Laccase-TEMPO formulations are also
increasingly used to mediate the oxidation of cellulose aimed at introducing
functional molecules. Further, laccase-TEMPO mediated system is used to
catalyze the largely regioselective oxidation of the primary hydroxyl groups of
sugar derivatives, starch, pullulan and cellulose, preparing these compounds for
subsequent functionalization (72).

Template-Assisted Synthesis of Functional Polymers

In polymer chemistry, the synthesis of well-defined structures is crucial.
Several strategies are used including template-assisted synthesis of polymers.
As shown in Figure 7, functional molecules are oxidized in the presence of a
template. The oxidized molecules polymerize and adopt the geometry of the
template which is then removed after the reaction.

Figure 7. Schematic representation of template-assisted synthesis of functional
polymers.
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The synthesis of electric conducting polymers based on polyaniline, mediated
by oxidative enzymes, is one example which demonstrates evolution of reaction
engineering processes directed towards refining reaction conditions. Several
strategies including the use of different solvent mixtures, reverse micellar systems
and different templates (Table 3) among other conditions have been investigated.

Table 3. Template-assisted synthesis of functional polymers

Examples References

Templates for synthesis of polyaniline (73–77)

A template of a borate-containing electrolyte or lignin sulphonate
template

(78)

Anionic polymeric templates (79)

Amphiphilic triblock copolymers of poly(ethylene glycol),
(PEG)-poly(propylene glycol), (PPG)-poly(ethylene glycol) (PEG)
(pluronic), with pluronic F68 (EG76-PG29-EG76)

(80–82)

Polyelectrolyte like sulfonated polystyrene (83)

For example, anionic polymeric templates were used to promote the
para-directed head-to-tail coupling of aniline radicals in order to obtain a
well-defined electrically conducting polyaniline (73–80). Template-assisted
synthesis of functional polymers has also been pursued for other applications
such polymerization of phenol on poly(ethylene glycol) monododecyl ether a
as a template in the presence of horseradish peroxidase, resulting in increased
regioselectivity close to 90% attributed to oriented alignment due to hydrogen
bonding interaction of phenolic OH groups and ether oxygen atoms of the template
(80–82). Similarly, ultrahigh-molecular weight (Mw> 106) polyphenol were
produced when phenol was polymerized in the presence of amphiphilic triblock
copolymers of poly(ethylene glycol) (PEG), poly(propylene glycol) (PPG), and
poly(ethylene glycol) (PEG) (pluronic), with pluronic F68 (EG76-PG29-EG76) as
template (80–82). The use of pluronic with high PEG content also improved the
regioselectivity of the polymerization of phenol. The use of templates therefore
provides a platform for the synthesis of functional polymers with a well-defined
structure. This is very important given the fact that oxidative enzyme-generated
radicals tend to react randomly.

Advances in Solvent Reaction Engineering for Development
of Functional Polymers

Another complication related to polymer synthesis with laccases and
peroxidase is related to the solubility of the involved reagents. Generally,
laccase and peroxidase substrates are not soluble in aqueous solutions, requiring
the use of buffer/organic solvents mixtures, surfactants, reverse micelles,
dispersive colloidal systems, ionic liquids, supercritical fluids and at certain
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times solvent-free reaction conditions. However, as biological catalysts, enzymes
operate under defined optimal conditions with a certain degree of hydration.
Although studies of enzymatic reactions in non-aqueous media started more than
100 years ago (83), this strategy became popular only as from the 1970s thanks
to the pioneering works of Klyosov et al. (84), Klibanov et al. (85) and Martinek
et al. (86). Subsequent progress in solvent reaction engineering has led to the
development of many different solvent reaction systems, namely:

(a) aqueous buffer systems,
(b) monophasic aqueous-organic systems (water-miscible organic solvents),
(c) biphasic aqueous-organic systems (an aqueous phase plus non-polar

organic solvent).
(d) reverse micelles (emulsions of water and immiscible solvents stabilized

by surfactants)
(e) ionic liquids (molten salts, i.e., mixtures of cations and anions that melt

below 100°C (87, 89).
(f) supercritical fluids (substance above its critical temperature (TC) and

critical pressure (PC) where vapor and liquid form of the substance
become indistinguishable) as solvents for enzymatic reactions.
Supercritical fluids rely on the fact that the solubility behavior is altered
in the supercritical state, resulting in increased solubility properties.

Aqueous/Organic Solvent and Their Mixtures as Media for the Synthesis of
Functional Polymers

Many aromatic substrates oxidized by oxidoreductases are not soluble in
aqueous solutions and require an organic co-solvent. Nevertheless, increasing
the content of a hydrophilic organic solvent in an aqueous mixture removes the
water around the enzyme leading to enzyme aggregation and precipitation. This
implies that careful studies have to be carried out to define the best conditions.
Thanks to advances in enzyme reaction engineering it was demonstrated that
enzyme activity and reactivity can be manipulated in organic solvents leading
to the production of novel products not possible under conventional conditions
(90). For example, by manipulating the reaction solvent conditions, lignin
peroxidase can more easily oxidize aromatic amines than phenolic compounds
in 70% aqueous ethylene glycol medium although it failed to oxidize veratryl
alcohol in the same medium (91). This means that by carefully manipulating
the solvent it is possible to selectively target certain molecules for modification.
This observation has produced the most impressive achievements in solvent
reaction engineering studies, leading to enhanced enzyme selectivity (stereo-,
regio- and chemoselectivity) in organic solvents (90). For example, the
oxidative polymerization of 4-hexyloxyphenol was designed to enhance the
production of ortho−ortho C−C coupling products (92) while laccase oxidation of
2,6-dimethoxyphenol in water-organic solvent system produced the para-coupling
product 3,3′,5,5′- tetramethoxy,1,1′-biphenyl-4,4′-diol only (93). Advances in
solvent reaction engineering are also providing solutions for producing polymers
with increased molecular weight. For example, yields of radical polymerization
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of styrene and its derivatives (4-methylstyrene, 2-vinylnaphthalene) were raised
from 41% to 59% by using tetronic acid and 1,3-cyclopentanedione, respectively
(94). Similarly, polymerization yields of methyl methacrylate were increased
when low-dielectric co-solvents, such as dioxane and THF, were used (95). The
use of organic solvents/buffer mixtures suppressed unwanted hydrolytic side
reactions (90, 96).

The catalytic efficiency of laccase for catechin and epicatechin was three
times higher in hexane as compared to that obtained in aqueous media, whereas
that for catechol was eight times higher in toluene (97). The use of a biphasic
system consisting of ethyl acetate and sodium phosphate buffer during the
Laccase-mediated synthesis of phenolic colorants facilitated separation of
products from reactants with the yellow intermediate product accumulating in the
organic phase and also prevented its polymerization (98). The antioxidant activity
of naringenin, an abundant flavonoid in citrus fruits, was enhanced by coupling
simple phenolic molecules rich in hydroxyl groups and/or methoxyl groups with
laccases (99). In all cases, up to two catechol, guaiacol, ferulic and sinapic acid
molecules were covalently coupled onto naringenin. The type of solvent used had
an impact on the coupling efficiency, with highest yields obtained for ethyl acetate
compared to methanol and acetonitrile (99). Hence, aqueous/organic solvent
reaction engineering is extremely important since it affects reactivity, product
yield, regioselectivity, product recovery and size of the produced polymers.

Reverse Micelles as Micro-Environments for Development of Functional
Polymers

Reverse micelles have been widely used in organic synthesis because they
provide a microenvironment for enzymes similar to that within cells (100).
Reverse micelle systems are also important for increasing product recovery
as demonstrated by Cruz-Silva et al (101) during the recovery of polyaninile
produced through the catalytic activities of peroxidases. Rao et al. (102)
showed that it was possible to control polymer chain growth (molecular weight)
by manipulating the ability of the reverse micelles-based anionic surfactant,
bis(2-ethylhexyl) sodium sulfosuccinate, to sustain chain solubility in the
presence of peroxidases. Similarly, oxidative polymerization of 2-naphthol with
cyclodextrins as carrier resulted in a polymer with fluorescence characteristics
of the 2-naphthol chromophore (103). Michizoe et al. (104) showed that laccase
activity towards bisphenol A dramatically increased when 4% of water was (v/v)
is included in the reaction media, compared with pure isooctane. These studies
indicate that it is possible to designed reverse micelle systems in order to obtain
the desired polymers, to modulate polymer size, to provide conditions for optimal
enzyme activity, as well as to increase product recovery.

Ionic Liquids as Medium for Development of Functional Polymers

The most attractive feature of ionic liquids is the existence of these salts
in liquid form at ambient and even below ambient temperatures (105). The
biotechnological application of enzymes in ionic liquids medium is very attractive
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since they increase the solubility of organic substrates. Magnuson et al. (106)
were among the first to use enzymes in ionic liquids (aqueous mixtures of
ethylammonium nitrate [EtNH3][NO3]. Since then the application of enzymes in
ionic liquids has been increasing as evidenced by increased numbers of literature
reports (104, 107–114). This is driven by the observed attractive properties
of ionic liquids such as no vapor formation, providing stable environment for
the enzyme, ability to dissolve a wide range of different substrates including
polymeric compounds, and ability to manipulate their physical and chemical
properties (polarity, hydrophobicity, viscosity, and solvent miscibility). Laccases
and peroxidases in ionic liquids were able to oxidize veratryl alcohol, anthracene
and guaiacol in 1-butyl-3-methylimidazolium tetrafluroborate [4-mbpy][BF4]
(115, 116) and achieve 100 % polymerization of phenol in [bmim][BF4] (117).
Application of oxidative enzymes in ionic liquids has been shown to improve
enzyme stability and also enable repeated reuse. For example, horseradish
peroxidase was 3 times more stable at 80 °C in 5-10% BMIM(BF4) (118, 120) and
could be reused 5 times as compared to only 2 times in water for the oxidation of
veratryl alcohol (120). Laccase in 25% ionic liquid 4-methyl-N-butylpyridinium
tetrafluoroborate BMPyr(BF4) has shown a 30-fold higher substrate conversion
rate than in 20% butanol (121). These remarkable properties have witnessed
increasing applications of ionic liquids during the production of biosensors based
on laccases and peroxidases (18, 121–124). Examples include the development
of a new biosensor for the determination of the pesticide based on laccase
immobilized on platinum nanoparticles dispersed in 1-butyl-3-methylimidazolium
tetrafluoroborate (Pt–[BMIM][BF4]) ionic liquid (125), a biosensor for the
determination of adrenaline in pharmaceutical formulations dispersed in
1-butyl-3-methylimidazolium hexafluorophosphate (Pt-[BMIM][PF6]) (126)
and a biosensor based on cellulose acetate and 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([BMIM][N(Tf)2]) for the detection of
methyldopa (127). This latter sensor demonstrated acceptable stability (ca. 60
days; at least 350 determinations), good repeatability and reproducibility (relative
standard deviations of 1.5 and 4.3%, respectively) (127). Therefore, ionic liquids
in combination with oxidative enzymes are gaining popular in organic synthesis,
polymer synthesis and biosensors.

Supercritical Fluids as Solvents for the Development of Functional Polymers

Among the advantages of supercritical fluids is their non-toxicity, provision
of ideal temperatures for heat-sensitive enzymes or reactions and also easy
product recovery. The critical point for carbon dioxide is 31.1 °C at 73.8 bar
conditions which is very good for many industrial enzymes. A polymer of
acrylamide was produced by peroxidase-mediated free radical polymerization in
an inverse emulsion of water-in-supercritical carbon dioxide (128). Polyphenol
oxidases in supercritical fluids have been applied for the oxidation of p-cresol
and p-chlorophenol (129) and removal of phenol from aqueous solutions
using tyrosinase (130). Supercritical fluids have also been shown to enhance
enantio-selectivity during the synthesis of polymers (131, 132).
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Importance of Redox Potential Control during the Development
of Functional Polymers

Solvent effects are directly linked to pH effects. The pH value has a direct
bearing on both the redox potential of the enzyme and substrate. For example,
increasing the pH increases the ionization of phenolic substrates. However,
increasing pH increases hydroxide anions (OH-) in the system which in turn
interferes with the activity of oxidative enzymes, such as laccases, by disrupting
the internal flow of electrons between the T1 and T2/T3 sites. The pH also affects
the redox potential of lignin peroxidase as demonstrated by the decrease in the
redox potential of lignin peroxidase when the pH was increased from pH 3 to 7
(133). To successfully produce functional polymers the interplay between effects
of pH on the enzyme and substrates has to be carefully optimized. It has been
recommended to use enzymes recovered through lyophilization or precipitation
from their aqueous pH optimum solutions (134, 135).

In summary, advances in solvent reaction engineering have made it possible
to perform reactions originally thought impossible in aqueous medium (e.g.
esterification and trans-esterification reactions), produce desired polymers through
engineering selectivity (region, enantioselectivity and chemoselectivity), increase
overall yields of products, increase product recovery, recycling the enzymes,
increase enzyme stability, modify enzyme reactivity and suppress side reactions
(e.g. racemization, decomposition or precipitation due to rapid polymerization).

Concluding Remarks

Several strategies in terms of reaction engineering approaches have been
developed for the production of functional polymers based on oxidative enzymes
and many more are being developed. The selection of any particular strategy or
reactions conditions requires detailed knowledge of the desired products, enzymes
reaction mechanisms, available strategies, chemical composition of substrates
etc. It is evident that a multidisciplinary approach combining knowledge from
biotechnology, polymer chemistry, chemical engineering, organic synthesis is
extremely important for successful development of functional polymers.
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CNF. See cellulose nanofibrils (CNF)
CNW. See cellulose nanowhiskers (CNW)
Composite films, 79f, 80f, 81, 83f, 86f, 87f
Crystalline cellulose surfaces
diffusion coefficients, 206t
hydrogen bonds, 202f
interfacial energy, 204f
MD simulations, 194, 194t, 205f
mean square displacement, 205f
molecular model validation, 195
OA-cellulose system, 193
overview, 191
radial distribution function, 199f, 200f,
202f

temperature effect
cellulose structure, 196f, 198
OA film structure, 197f, 199
OA film vs. cellulose surface, 197f,
201

temperature set points, warming food
packages, 195t

torsion angle, 200f, 201f

D

DAEO. See dodecyloxy-polyethylene
glycol glycidylether (DAEO)

Diacetate cellulose (CDA), 111
Diblock copolymers
BC, 134
acetylation, 135
BET measurement, 135
block copolymerization, 140
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dynamic light scattering measurement,
136

ESR measurement, 135
ESR spectral simulation, 135
GPC measurement, 136
1H NMR measurement, 135
mechanical destruction, 134
mechanical fracture, 136
surface modification, 143
synthesis, 135

MCC
block copolymerization, 145
mechanical fracture, 143
nanoparticles, 146

overview, 133
Dissolving grade pulps

13C CP/MAS NMR spectra, 170f
carbohydrate composition, 183t
cellulases, 173f
cellulose
accessibility, 171
fibrils, 171f
reactivity, 171
structure, 168, 169f

enzymes, 172
fibril aggregates, 171f
Fock’s reactivity, 179f, 180f, 181f, 183t,
185t

molecular weight distribution, 184t
overview, 167
paper-grade pulp upgrading, 177
reactivity measurements, 174
regenerated cellulose, 176
viscosity, 179f, 181f, 183t, 185t

Dodecyloxy-polyethylene glycol
glycidylether (DAEO), 246f

E

EC. See ethyl cellulose (EC)
Electrocatalysis, 93
Electrochemical applications, CNW
composite films, 79f, 80f, 81, 83f, 86f,
87f

electrocatalysis, 93
electronically conducting polymer
composites, 88

metal electrocatalysts, 93, 94f
overview, 75
platinum electrocatalysts, 95, 96f
polyaniline conducting networks, 88, 89f
polypyrrole supercapacitor materials,
89, 90f, 91f, 95f

pure cellulose nanocrystal films, 80

silver electrocatalysts, 93, 95f
ultrathin carbon films, 97, 98f, 99f, 100f,
101f
See also cellulose nanowhiskers (CNW)

Electronically conducting polymer
composites, 88

EPEG. See ethoxy (2-hydroxy)propoxy
polyethylene glycol glycidylether
(EPEG)

Epoxylated polyethylene glycols (PEG),
246f

Ethoxy (2-hydroxy)propoxy polyethylene
glycol glycidylether (EPEG), 246f

Ethyl cellulose (EC), 111, 114f, 124t

F

Food package warming, temperature set
points, 195t

Fritz Wotruba’s Church, Holy Trinity,
Vienna, 71f

H

High-modulus oriented cellulose nanopaper
CNF, 7f, 8f, 8t, 9f, 10f, 12f, 14f
mechanical characterization, 6
overview, 3
preferred orientation, 11
preparation, 5
properties, 7
stretching, 6
structural characterization, 6
structure, 7
TEMPO, 7f, 8f, 9f, 10f, 11f, 12f, 14f

Honeycomb film formation, 50
HPC. See hydroxypropyl cellulose (HPC)
Hydroxypropyl cellulose (HPC), 111, 115f,
116f, 117f, 118f, 119f, 120f, 121f, 122f,
127f

L

Laccase redox potential, 235
Laccases, 330, 331f, 333f, 336f, 337f
Lignin hydrogels
acetylation, 216s
aminolysis, 216s
chemical characterization, 216
cross-linking, 212, 219s
hydrogel-forming polymers, 212
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material characterization, 215
mechanical properties, 221
morphology, 217
overview, 211
PEGDGE-modified lignin, 216, 217f,
219f, 220f, 221f, 222f, 224f, 225f
chemical structure, 223

preparation, 214
properties, 211
swelling properties, 217
water retention capacity, 218f

M

Manganese peroxidase oxidation, 239
MCC. See microcrystalline cellulose
(MCC)

Metal electrocatalysts, 93, 94f
Micelle size distribution, 119f
Microcrystalline cellulose (MCC)
block copolymerization, 145
fractured, 144f
1H NMR spectra, 145f
mechanical fracture, 143
nanoparticles, 146

Moisture vapor permeability fundamentals,
biopolymer packaging materials, 274f,
278f, 286f, 287f
agar, 283f
aqueous coatings, 279
atomic layer deposition, 287, 288t, 290t
chemical vapor deposition, 290
edible coatings, 282
inorganic surface treatments, 285
montmorillonite, 283f, 284f
multi-layer flexible packaging structures,
291f

MVTR governing factors, 276
nanoclay coatings, 279, 281f
paperboard packaging structure, 280f
physical vapor deposition, 290
plasticizer effect, 277f
renewable polymers, 281
terminology, 275
test methodology, 277
units, 275

O

2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-
cellulose, 41, 46, 47t, 48t, 49f, 50f, 51f,
52f, 53f

3-O-(2-bromoisobutyryl)-2,6-O-TDMS-
cellulose, 41, 43, 43s, 44t, 45f, 51f

Oriented cellulose nanowhiskers composite
preparation. See cellulose nanowhiskers
(CNW)

2,6-O-TDMS-cellulose, 40, 43f, 46f
Oxidative enzymes
laccases, 330, 331f, 333f, 336f, 337f
overview, 329
peroxidases, 330, 332f, 333f, 336f
reaction engineering strategies, 332
redox potential control, 343
solvent reaction engineering, 339
aqueous solvent, 340
ionic liquids, 341
organic solvent, 340
reverse micelles, 341
supercritical fluids, 342

synthesis strategies
chemo-enzymatic process, 336f
cross-linker, 334, 335t
direct oxidation, 333, 334t
mediator-assisted polymer
functionalization, 337

reactive anchor group assistance, 334
template-assisted synthesis, 338, 338f,
339t

Oxidoreductase-catalyzed degradation
laccase redox potential, 235
manganese peroxidase oxidation, 239
non-phenolic lignin model compounds,
234f

overview, 229
pH effect, 238
phenolic lignin model compounds, 234f
synthetic compounds, 234f
veratryl alcohol oxidation, 236t, 237t,
238f, 239t

P

PEG. See epoxylated polyethylene glycols
(PEG)

PEGDE. See polyethylene glycol
diglycidylether (PEGDE)

Peroxidases, 330, 332f, 333f, 336f
Platinum electrocatalysts, 95, 96f
Polyaniline conducting networks, 88, 89f
Polyethylene glycol diglycidylether
(PEGDE), 246f

Polypyrrole supercapacitor materials, 89,
90f, 91f, 95f

Porous films, 123f, 124f
Pure cellulose nanocrystal films, 80

360

D
ow

nl
oa

de
d 

by
 2

17
.6

6.
15

2.
26

 o
n 

A
ug

us
t 2

3,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 A
ug

us
t 1

7,
 2

01
2 

| d
oi

: 1
0.

10
21

/b
k-

20
12

-1
10

7.
ix

00
2

In Functional Materials from Renewable Sources; Liebner, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Pyrene-loaded micelle, 125f

S

Self-assembled blank micelle, 125f
Silver electrocatalysts, 93, 95f
Sulfated glycosaminoglycan building
blocks
artificial ECM formation, 321
13C NMR spectrum, 318f
13C-APT NMR spectra, 320f, 321f
cellular growth factors, 323
collagen fibrils, 323f
overview, 315
sandwich-ELISA, 325f
SPR sensorgrams, 324f
sulfation, 317, 319f
synthesis, 317f, 319, 321f

Super-hydrophobic cotton fabric
dynamic contact angle measurements,
159, 160f, 161f

FTIR, 157, 158f, 159f
hydrophobic properties assessment, 154
MVD treatment, 152
nanocoatings, 153
NVD treatment, 152
NVD-Al2O3, 153, 161f, 162f
overview, 149
pre-treatment, 152
SEM, 154, 155f, 156f
TEM, 154, 157f
water droplet, 163f

Surface-initiated ATRP, 42, 52, 52t

T

Temperature set points, warming food
packages, 195t

TEMPO. See 2,2,6,6-tetram-
ethylpiperidinyl-1-oxyl (TEMPO)

2,2,6,6-tetramethylpiperidinyl-1-oxyl
(TEMPO), 5, 7f, 8f, 9f, 10f, 11f, 12f, 14f

U

Ultrathin carbon films, 97, 98f, 99f, 100f,
101f

V

Veratryl alcohol oxidation, 236t, 237t,
238f, 239t

X

Xylan-derived hydrogels
characterization, 260, 262, 266
HSQC NMR spectra, 264f
isolation, 260, 261s, 262
lignin reaction, 265f
lignin-carbohydrate linkages, 265f
morphology, 266
overview, 257
preparation, 266
rheological properties, 266, 267f
SEM, 266f
structures, 259f
swelling behavior, 268, 268f
synthesis, 261
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