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a  b  s  t  r  a  c  t

Structured  xylan-based  hydrogels,  reinforced  with  cellulose  nanocrystals  (CNCs),  have  successfully  been
prepared  from  water  suspensions  by  cross-linking  during  freeze-casting.  In  order  to induce  cross-linking
during  the  solidification/sublimation  operation,  xylan  was  first  oxidized  using  sodium  periodate  to  intro-
duce dialdehydes.  The  oxidized  xylan  was  then  mixed  with  CNCs  after  which  the  suspension  was frozen
unidirectionally  in  order  to  control  the  ice crystal  formation  and  by  that  the pore  morphology  of  the
material.  Finally  the  ice  crystal  templates  were  removed  by  freeze-drying.  During  the  freeze-casting
process  hemiacetal  bonds  are  formed  between  the  aldehyde  groups  and  hydroxyl  groups,  either  on
other xylan  molecules  or on  CNCs,  which  cross-links  the  system.  The  proposed  cross-linking  reaction
ellulose whiskers
reeze-casting
ydrogel
ylan

was confirmed  by using  cross-polarization  magic  angle  spinning  (CP/MAS)  nuclear  magnetic  resonance
(NMR)  spectroscopy.  The  pore  morphology  of  the  obtained  materials  was  analyzed  by scanning  electron
microscopy  (SEM).  The  materials  were  also tested  for  compressive  strength  properties,  both  in dry  and
water swollen  state.  All  together  this  study  describes  a  novel  combined  freeze-casting/cross-linking  pro-
cess  which  enables  fabrication  of  nanoreinforced  biopolymer-based  hydrogels  with  controlled  porosity
and 3-D  architecture.
. Introduction

Hydrogels are physically and/or chemically cross-linked poly-
er  networks that are able to absorb large amounts of water. There

re numerous applications for hydrogels, especially in the medical
nd pharmaceutical industry due to their excellent biocompat-
bility, soft tissue consistency resemblance and permeability to

etabolites and oxygen (Peppas, Bures, Leobandung, & Ichikawa,
000; Peppas, Hilt, Khademhosseini, & Langer, 2006). Along with a
ide range of synthetic polymers, various biopolymers have been

nvestigated for hydrogel formulations, typically hyaluronic acid,
hitosan, cellulose and starch derivatives, alginate, dextran, col-
agen, and gelatin (Van Vlierberghe, Dubruel, & Schacht, 2011).
olysaccharides have a number of advantages over synthetic poly-
ers as hydrogel components since they usually are abundant,
enewable, biocompatible, biodegradable, non-toxic, and may  have
nique properties that cannot be easily mimicked through chem-

cal synthesis (Coviello, Matricardi, Marianecci, & Alhaique, 2007).

∗ Corresponding author. Tel.: +1 404 894 9701; fax: +1 404 894 4778.
E-mail addresses: art.ragauskas@ipst.gatech.edu,
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In the current trend for a more effective utilization of biomass
(Ragauskas et al., 2006), hemicelluloses have emerged as a new
potential group of polysaccharides in the development of new
materials. Even though hemicelluloses, such as xylans, mannans
and xyloglucans, are known to have gelling and film forming prop-
erties appropriate for production of biodegradable hydrogels (cf.
Ebringerová, Hromáková, Heinze, 2005), relatively few examples
of hemicelluloses-based hydrogels have been reported in the liter-
ature (Lindblad, Sjöberg, Albertsson, & Hartman, 2007). However,
during the last couple of years the emerging interest in research
on advanced materials based on renewable biopolymer resources
have resulted in a number of publications which clearly demon-
strates the potential of using xylan in hydrogel formulations (e.g.
Chimphango, van Zyl, & Görgens, 2012; Karaaslan, Tshabalala,
Yelle, & Buschle-Diller, 2011; Meena, Lehnen, Schmitt, & Saake,
2011; Peng, Ren, Zhong, Peng, & Sun, 2011; Pohjanlehto, Setälä,
Kammiovirta, & Harlin, 2011; Silva, Habibi, Colodette, & Lucia,
2011).

Xylans are the most common hemicelluloses, and consti-

tute 25–35% of the dry biomass of woody tissues of dicots
and lignified tissues of monocots and occur up to 50% in some
tissues of cereal grains (Ebringerová & Heinze, 2000). In ter-
restrial plants, xylans are heteropolymers, possessing a linear

dx.doi.org/10.1016/j.carbpol.2013.03.060
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.03.060&domain=pdf
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ig. 1. SEM image of a freeze-cast xylan–cellulose nanocrystal composite foam
ross-section. The lamellar structure is aligned with the temperature gradient
mposed during the solidification process.

-(1→4)-d-xylopyranan backbone substituted with a number of
ifferent side chains/groups, where l-arabinofuranosyl and 4-O-
ethyl-d-glucopyranosyl uronic acid units are most common.

he great abundance of xylan in nature, along with the fact that
ylans are readily available in residues and side-streams in the
orestry/pulp and agricultural industry, makes xylans highly attrac-
ive as biopolymer resources in the development of new green

aterials (Hansen & Plackett, 2008). Furthermore, the xylan back-
one has an affinity to cellulose and will adsorb irreversibly on
ellulosic surfaces, a propensity that provides great opportunities
or the use of xylans in cellulose-based composites (Köhnke, Brelid,

 Westman, 2009; Köhnke, Lund, Brelid, & Westman, 2010; Köhnke,
stlund, & Brelid, 2011).

We have recently reported that highly structured biofoams
an be prepared from xylan and cellulose nanocrystal (CNC) sus-
ensions by employing an ice-templating technique (Köhnke,
in, Elder, Theliander, & Ragauskas, 2012; Köhnke, Theliander,

 Ragauskas, 2012). The ice-templating technique, also known
s freeze-casting, involves freezing of an aqueous suspension
ollowed by sublimation of the solidified phase under reduced pres-
ure (cf. Deville, 2008; Gutiérrez, Ferrer, & del Monte, 2008; Wegst,
checter, Donius, & Hunger, 2010). During the freezing operation,
ylan molecules and CNCs are rejected from the moving solidifica-
ion front, concentrated and finally entrapped between the growing
olvent crystals. Consequently, this ice-segregation-induced self-
ssembly process yields materials with porous structures where
he pores are a replica of the ice crystals. By employing unidi-
ectional solidification we were able to design low density xylan
iofoams which possessed a lamellar structure (Fig. 1), a porosity

f 92–95% and a very high degree of pore interconnectivity (>99%)
Köhnke, Lin, et al., 2012; Köhnke, Theliander, et al., 2012).

If these biofoams could be stabilized by cross-linking, the
pplied freeze-casting process would enable fabrication of

Fig. 2. Proposed reactions involved in cross-linking of xylan–cellu
olymers 100 (2014) 24– 30 25

polysaccharide based hydrogels with controlled porosity and
3-D architecture. It is widely accepted that aldehyde groups
in polysaccharides react with nearby hydroxyl groups to form
intra- and inter-chain hemiacetals (cf. Kristiansen, Potthast, &
Christensen, 2010). The formation of these bonds is known to
influence oxidation reactions (Painter & Larsen, 1970), induce
aggregation (Maia, Carvalho, Coelho, Simões, & Gil, 2011) or even
gelation (Christensen, Aasprong, & Stokke, 2001). It has recently
been reported that micro fibrillated cellulose containing aldehyde
groups may  form hemiacetal bonds during freeze-drying (Brodin
& Theliander, 2012), which increases the water wet integrity of
the material in analogy with aldehyde containing wet-strength
resins in papermaking (cf. Chen, Hu, & Pelton, 2002; Saito & Isogai,
2006). In this study we  want to investigate if this cross-linking
approach could be used to stabilize our freeze-cast nanoreinforced
xylan-based biofoams and by that increase the wet integrity of the
material. An important consequence of unidirectional solidification
is the ice-segregation-induced self-assembly. This will concentrate
the oxidized xylan polymers, bringing the molecules into closer
contact, which would promote the formation of cross-linking
hemiacetal bonds.

The investigated procedure to form xylan–cellulose nanocrys-
tal composite hydrogels, including the proposed cross-linking
mechanism, is presented in Fig. 2. Xylan is first oxidized using
sodium periodate to introduce dialdehydes. The oxidized xylan
is then mixed with CNCs, frozen and freeze-dried. During the
freeze-casting process hemiacetal bonds are formed between the
aldehyde groups and hydroxyl groups, either on other xylan
molecules or on CNCs, which cross-links the system. This combined
freeze-casting/cross-linking process would enable the fabrication
of polysaccharide based hydrogels with controlled porosity and 3-D
architecture.

2. Experimental

2.1. Material

Oat spelt glucuronoarabinoxylan (GAX) was obtained from
Sigma–Aldrich. This xylan fraction has been reported to contain
81% xylose, 9.8% arabinose, 7.6% glucose, 1.4% galactose and 0.2% of
mannose (Saxena & Ragauskas, 2009).

2.2. Oxidation of xylan

Introduction of aldehyde groups to xylan was performed by
oxidation using sodium periodate. A solution of GAX was pre-
pared by heating a mixture of 5.00 g GAX and 100 mL  deionized
water to boiling under stirring. The solution was then cooled to
room temperature, after which a specific amount of NaIO4 (1.00,
3.00, 5.00 mmol/g GAX), dissolved in 100 mL  deionized water, was
added. The solution was stirred for 24 h in the absence of light at
room temperature. The product was  then purified by dialysis (Spec-

tra Por 2, MWCO: 12–14 kDa) against deionized water. One part of
the oxidized GAX was reduced with sodium borohydride. The pH
of 40 mL  oxidized dialyzed xylan solution was  increased to 8 by
addition of a few drops of 0.1 M NaOH, after which 0.5 g NaBH4 was

lose nanocrystal composite hydrogels during freeze-casting.
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dded. The solution was stirred for 24 h in the absence of light at
oom temperature. The pH of the solution was then decreased to 6
y adding glacial acetic acid. The product was purified by dialysis
Spectra Por 2, MWCO: 12–154 kDa) against deionized water.

To estimate the degree of oxidation a method similar to that
escribed by Zhao and Heindel (1991) was used, where added
ydroxylamine hydrochloride reacts quantitatively with all avail-
ble carbonyls while releasing protons. Briefly, 0.100 g xylan was
uspended in 25 mL  of a 0.25 M hydroxylamine hydrochloride solu-
ion adjusted to pH 4.0 with NaOH. After 2 h under stirring at room
emperature the suspension was titrated back to 4.0 with 0.100 N
aOH. The degree of oxidation was calculated from the amount of
aOH required. Three replicates per sample were analyzed.

.3. CP/MAS NMR  spectroscopy

The NMR  samples were prepared by loading the samples into
 mm cylindrical ceramic MAS  rotors. Repetitive steps of packing
he sample into the rotor were done to fully compress and load the

aximum amount of sample. 13C CP/MAS solid-state NMR  mea-
urements were carried out on dry samples in a Bruker DSX-400
pectrometer operating at a frequency of 100.55 MHz for 13C NMR
n a Bruker double-resonance MAS  probe head at a spinning speed
f 10 kHz. CP/MAS experiments utilized a 5 �s (90◦) proton pulse,
.5 ms  contact pulse, 4 s recycle delay and 2 K scans. 1H MAS  solid-
tate NMR  experiments were carried out on samples swollen in
00% D2O for 48 h and performed on a Bruker DSX-400 spectrome-
er, operating at a frequency of 399.875 MHz  for 1H NMR  in a Bruker
ouble-resonance MAS  probe head at spinning speed of 2 kHz. A
tandard one pulse sequence utilized a 5 �s (90◦) proton pulse, 10 s
ecycle delay and 128 scans.

.4. Preparation of cellulose nanocrystals

Cellulose nanocrystals (CNCs) were prepared by sulfuric acid
ydrolysis of microcrystalline cellulose (Avicel PH-101 from
igma–Aldrich). In brief, 68.00 g (dry weight) microcrystalline cel-
ulose was mixed with 600 mL  of a preheated (45 ◦C) 64% (w/w)
queous H2SO4 solution under continuous stirring for 130 min. The
ydrolysis reaction was stopped by adding an excess of deionized
ater followed by the removal of acidic solution by successive

entrifugation until the supernatant became turbid. The sediment
as collected and dialyzed (Spectra Por 2; MWCO: 12–14 kDa)
ntil the pH of the solution became neutral. The content was son-

cated (using a Model CU33 tapered ultrasonic cell disruptor horn
rom PGC Scientific, bearing a 12.7 mm tip and controlled with a
EX 500 ultrasonic processor, Sonics & Materials, with an output
mplitude of 40%) in an ice bath for 6 min  and centrifuged. The
urbid supernatant, containing CNCs, was collected and the remain-
ng sediment was again mixed with deionized water, sonicated
nd centrifuged to obtain additional CNCs; a procedure that was
epeated until the supernatant was clear. CNCs were obtained in
0% yield. Atomic force microscopy (AFM) analysis of the obtained
NCs (Fig. 3a) revealed individual CNCs which possessed average
idth (i.e. height) of 11 ± 2 nm and length in the range of several
undreds of nanometers. The CNCs suspension also showed bire-

ringence (Fig. 3b), which provided supporting evidence for the
xistence of rod-like CNCs (Eichhorn, 2011).

.5. Freeze-casting

Xylan solutions were prepared by heating mixtures of xylan

nd deionized water to boiling under stirring. Suspensions for the
ylan–CNC composite foams were prepared by mixing an equal vol-
me  of a 1.25% (w/w) CNC suspension and a 5% (w/w)  xylan solution
t room temperature. A solution/suspension volume of 1.00 mL  was
Fig. 3. (a) AFM image of obtained cellulose nanocrystals (CNCs). (b) Shear-induced
birefringence of a 1% (w/w) CNC suspension viewed between crossed polars.

transferred into glass ampoules, which were immersed in liquid
nitrogen for 5 min. In order to ensure unidirectional freezing, only
the bottom of the ampoule was  in contact with liquid nitrogen and
vertical heat transfer was prevented by insulation of the ampoule
using polystyrene foam. Frozen samples were immediately put in
a freeze-dryer to remove ice crystal templates by sublimation. The
average diameter of the cylindrical samples after freeze-drying was
10 mm.

2.6. Scanning electron microscopy

Prior to structural analysis the cylindrical samples were pulled
into two  pieces using two forceps. The pore morphology of the
exposed inner surface parallel to the cylinder axis was studied after
imaging of gold coated samples using a Hitachi S-800 Field Emis-
sion Gun (FEG) Scanning Electron Microscope (SEM) operated at
6 kV.

2.7. Mechanical testing

Compressive tests were carried out on a Bose ELF 3200 using
load cells of 4.9 N or 24.9 N. Due to a small surface roughness
a preload of approximately 0.05 N was  applied to the cylindrical
foam samples before initiating compression testing in the direction
parallel to the cylinder axis. The compression rate of the cross-
head was  set to 0.1 mm/s. The modulus was  calculated from the
initial linear region (strain < 5%) of the stress–strain curves. Most
materials showed a gradual transition from linear to non-linear
stress–strain behavior with no pronounced horizontal plateau
region, which consequently made it difficult to assign the yield
point. Therefore, the materials were additionally compared by the
stress at 50% strain. The dry samples were stored in a desiccator
until analysis. The hydrogels were soaked in deionized water for
30 min  before testing. Mechanical compression data were averaged
over six specimens.

3. Results and discussion

3.1. Cross-linking during freeze-casting

To investigate if hemiacetal bonds can be formed in aldehyde
xylan during freeze-casting and by that cross-link ice-templated
hydrogels, oat spelt glucuronoarabinoxylan (GAX) was  oxidized to
different degrees with NaIO4 (Table 1), freeze-dried and analyzed
using cross-polarization magic angle spinning (CP/MAS) nuclear

magnetic resonance (NMR) spectroscopy.

13C CP/MAS NMR  spectra for the reference xylan (GAX) and
oxidized xylans (GAX ox), as well as for a xylan sample first oxi-
dized and then reduced by NaBH4 (GAX ox-5-red), are shown in
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ig. 4. 13C (a) and 1H (b) CP/MAS NMR  spectra for freeze-dried reference xylan (GA
aBH4 (GAX ox-5-red). Cf. Fig. 2 for carbon numbering.

ig. 4a. A characteristic feature of the oxidized samples is the lack
f carbonyl signal expected around 200 ppm, even at high oxidation
egrees. This is a first indication that the aldehyde groups are form-

ng hemiacetals with remaining xylan hydroxyl groups during the
olidification/sublimation process. It is also evident that NaIO4 oxi-
ation reduces signals from C2 and C3 around 75 ppm, while new
ignals appear in the spectral region of 125–85 ppm, most proba-
ly from C2 and C3 involved in hemiacetal bonds (denoted C2′ and
3′). This statement is in line with what can be seen in the spectrum
f the reduced sample (GAX ox-5-red). 1H CP/MAS NMR  spectra of
he same samples are shown in Fig. 4b. It is clear that the rela-
ive peak intensities for H2 and H3 (∼3.8–3 ppm) are reduced due
o the oxidation, as expected, and that new signals appear in the
nomeric region (6–4.5 ppm). This, along with the fact that no car-
onyl signal was seen around 9.5 ppm, strengthens the conclusions
rawn from the 13C analyses that hemiacetal bonds are formed in
ldehyde xylan during freeze-casting.

The application of 13C CP/MAS NMR  spectroscopy for nonde-
tructive analysis of material difficult to dissolve or the analysis
f material ultrastructure was acknowledged at its inception

Schaefer & Stejskal, 1976). This type of solid-state NMR  is well-
uited for the analysis of complex polymer systems and has been
pplied to isolated plant biopolymers and intact plant tissue for

able 1
egree of glucuronoarabinoxylan (GAX) oxidation.

Sample Added NaIO4

(mmol/g GAX)
Aldehyde groupsa

(mmol/g GAX)
Yield (%)

GAX 0.0 0.0 –
GAX ox-1 1.0 1.7 85
GAX ox-3 3.0 4.7 75
GAX ox-5 5.0 6.0 60

a Determined using a hydroxylamine hydrochloride titration method.
idized xylans (GAX ox), and for a xylan sample first oxidized and then reduced by

decades. However, 13C CPMAS NMR  produces broad resonance lines
and in plant biopolymers are typically results in complex spectra
of overlapping signatures. This along with variations in relaxation
time, chemical shift anisotropy, cross-polarization efficiency and
field homogeneity make a single 13C CPMAS NMR  at best semi-
quantitative (Aliev & Law, 2003; Duer, 2002). Though true, with
a properly chosen recycle delay and cross-polarization time these
effects can be minimized. Several approaches have been effectively
applied to account for the spectral interference of overlapping sig-
nature displayed in most plant biopolymers also demonstrating the
power of relative comparison to detect changes between sample
or upon treatment and near quantitative validity of 13C CP/MAS
NMR  (Leary, Morgan, Newman, Samuelsson, & Westermark, 1986;
Newman & Hemmingson, 1990; Park, Johnson, Ishizawa, Parilla, &
Davis, 2009). Assuming the carbon assignments shown in Fig. 4a,
relative peak areas can be determined for all the carbons in the sys-
tem (Table 2). The relative peak area for C1 in the reference xylan
fraction (GAX) was found to be 0.2, which is in excellent agreement
of what is expected for pentoses like xylan and demonstrates the
validity of the method. As shown in Table 2, the fraction of carbons
number 2 and 3 involved in hemiacetal bonding is close to the theo-
retical maximum. All together, it can be concluded that the majority
of the aldehyde groups forms hemiacetal bonds during the freeze-
casting process and the higher the degree of oxidation the higher
the degree of cross-linking.

Since xylan/CNCs are soluble/dispersible in water there is a
simpler but still evident way to illustrate that samples contain-
ing oxidized xylan are cross-linked upon freeze-casting; and that
is to just immerse the materials in water. In Fig. 5a it can clearly be
seen that freeze-cast xylan disperses in contact with water, while

freeze-cast oxidized xylan does not. The cylindrical sample shape
formed during the freeze-casting process is, however, destroyed
upon swelling. Interestingly, if the same experiment is performed
with freeze-cast xylan foams that contain 20% (w/w) CNCs, the
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Table 2
Relative peak areas from 13C CP/MAS NMR  analyses of the reference (GAX) and oxidized xylans (GAX ox).

Sample Relative peak area C2′ + C3′c C2 + C3 C2′ + C3′/C2′ + C3′ + C2 + C3 Theoretical maximumd

125–85 ppma 85–50 ppmb

GAX 0.20 0.80 0.00 0.40 0.00 0.00
GAX  ox-1 0.26 0.74 0.06 0.34 0.16 0.13
GAX  ox-3 0.35 0.65 0.15 0.25 0.39 0.40
GAX  ox-5 0.48 0.52 0.28 0.12 0.70 0.66

a C1, C2′ , C3′ region.
b C2–5 region.
c Assuming relative area of C1 is constant.
d Based on added amount of NaIO4.
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ig. 5. (a) Freeze-cast xylan foams, containing (left) reference xylan (right) oxidized
ontaining (left) reference xylan (right) oxidized xylan, immersed in water. (c) A xy

tructure is maintained (Fig. 5b) and free-standing hydrogels are
ormed with a water holding capacity of about 25 g H2O/g material
Fig. 5c). These results indicate that cross-linking does occur dur-
ng the freeze-casting process and that CNC reinforcement of the
xidized xylan gels helps to preserve the structures formed dur-
ng the freeze-casting process upon swelling in water. To further
est the hypothesis that aldehyde xylan forms hemiacetal bonds
n polysaccharide matrixes during freeze-casting, the same trials

ere performed using the reduced oxidized xylan. These foams
ere easily dispersed in water and did consequently not form gels.

.2. Pore morphology

The pore morphology of ice-templated foams containing oxi-

ized xylan and CNCs were analyzed by using SEM. As can be seen

n Fig. 6a highly ordered porous structure was formed during the
reeze-casting process. The formed material is composed of aligned
amellae with a thickness of a couple micrometers separated with

ig. 6. Cross-section of an ice-templated, unidirectionally solidified, foam containing oxid
ion:  (a) 100× (b) 1000×.
, immersed in water. (b) Freeze-cast xylan–cellulose nanocrystal composite foams,
ellulose nanocrystal composite hydrogel containing about 96% (w/w) water.

a spacing of about 20–50 �m.  No significant difference was  seen
between samples containing xylans possessing different degrees of
oxidation. A similar structure was  earlier reported for unidirection-
ally ice-templated foams containing unoxidized xylan and CNCs
(Fig. 1; Köhnke, Lin, et al., 2012; Köhnke, Theliander, et al., 2012).

3.3. Mechanical properties

Freeze cast materials containing GAX, oxidized to different
degrees (cf. Table 1), and 20% (w/w) CNCs were made and tested
for compressive properties. As shown in Fig. 7a and Table 3, the
strength properties of the dry biofoams decreased with increased
degree of oxidation. At first this might be unexpected since a
higher degree of oxidation would lead to a higher cross-linking

density of the material. However, this trend is probably due to
changes in the rigidity of the xylan polymer chain upon oxidation
(cf. Kristiansen et al., 2010), since the reaction involves opening of
the xylan pyranose ring (Fig. 2). This is to some extent confirmed by

ized xylan (6 mmol  aldehydes/g) and cellulose nanocrystals (20%). SEM magnifica-
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Fig. 7. Stress–strain curves of freeze-cast xylan–cellulose nanocrystal foams (a) and hydrogels (b).

Table 3
Stress-strain data of the different freeze-cast xylan-cellulose nanocrystal foams and hydrogels presented in this study.

Sample Compositiona Stress at 50% strain [kPa] Compressive modulus [kPa]

Dry
I GAX + CNC 109 ± 3 285 ± 76
II  GAX ox-1 + CNC 53 ± 9 86 ± 29
III  GAX ox-3 + CNC 47 ± 2 61 ± 19
IV  GAX ox-5 + CNC 33 ± 2 71 ± 22
V  GAX ox-5-red + CNC 12 ± 1 23 ± 7

Wet  (25g H2O/g)
VI  GAX ox-1 + CNC 3.4 ± 0.4 5.4 ± 1.0
VII  GAX ox-3 + CNC 2.1 ± 0.6 3.8 ± 0.3
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VIII  GAX ox-5 + CNC 

a GAX = glucuronoarabinoxylan, CNCs = cellulose nanocrystals.

omparing data from the reference GAX material and the reduced
xidized GAX. Nevertheless, by comparing strength data from the
xidized sample and its reduced equivalent it is obvious that the
ross-linking do have some strengthening effect. It should also be
entioned that even though there is a difference in compressive

trength properties among the different samples, all samples
ormed free-standing biofoams.

The cross-linked biofoams were allowed to swell in water for
0 min  and then tested for their compressive strength properties
s hydrogels (Fig. 7b, Table 3). The strength properties decreased
omewhat with the degree of oxidation. Again this probably has
o do with the change in xylan molecular rigidity. Preparation of
ldehyde xylan that does not involve opening of the xylan pyranose
ing (cf. Chen et al., 2002) would probably solve this issue.

Finally something must be said about the stability of the formed
ydrogels since hemiacetal linkages will hydrolyze in water. It
as observed that the gelling effect slowly disappeared with

ime if the gels were kept immersed in water. After a couple of
eeks the hydrogel was easily disintegrated by gentle shaking,

nd consequently the wet integrity of the obtained nanoreinforced
ylan-based hydrogels must be considered to be temporary. Nev-
rtheless, the wet integrity was preserved for a surprisingly long
ime even though individual hemiacetal linkages are unstable in
ater. This is probably due to the relatively high amounts of hemi-

cetal linkages in the system which will make the gels apparently
esistant to water, and an increased degree of oxidation will con-
equently increase the stability of the gels in water over time.

. Conclusions

This study shows that hemiacetal bonds are formed during

reezing/freeze-drying of aldehyde xylans. The observation is used
o obtain cross-linked xylan-based hydrogels from water sus-
ensions by freeze-casting. If the xylan hydrogels are reinforced
ith 20% (w/w) CNCs, the ordered structure formed during the
1.9 ± 0.3 3.7 ± 0.7

controlled freeze-casting process is maintained and free-standing
hydrogels are formed with a water holding capacity of about 25 g
H2O/g material. The compressive strength properties of the dry
freeze-cast foams decrease with increasing degree of xylan oxida-
tion; probably due to changes in the rigidity of the xylan polymer
chain upon oxidation, since oxidation involves opening of the
xylan pyranose ring. In summary, this study describes a novel
freeze-casting/cross-linking method which enables fabrication
of nanoreinforced biopolymer-based hydrogels with tailor-made
architectures.
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