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Preface

International Conferences of the European Chitin Society, EUCHIS, are held every two years.
Following the Inauguration of EUCHIS in Lyon, March 1992, the first meeting took place in
Brest, France, in 1995, and the second was organized together with the 7" International
Conference on Chitin and Chitosan in 1997 in Lyon, France. Both meetings were chaired by
Professor Dr. Alain Domard, who was at that time President of the European Chitin Society.
During the last Conference in Lyon, the Board of EUCHIS has chosen the University of
Potsdam, Germany, as the place for the third International EUCHIS Meeting which took place
from August 31 to September 3, 1999.

The University of Potsdam was a good choice, as it has an outstanding reputation in
Polymer Science, interacting closely in co-operations with inter alia the Max-Planck-Institute
for Colloid and Interface Research, and the Fraunhofer-Institute for Applied Polymer
Research. Investigation of Biopolymers, including chitin and chitosan, is pursued in a number
of groups, and the foundation of the Interdisciplinary Research Center for Biopolymers
(IFZB) at the University of Potsdam in 1994 was an important event in our scientific history.
The most recent highlight in the activities of the Potsdam Polymer Scientists is seen in the
establishement of the "Interdisciplinary Master’s Course in Polymer Science, Berlin-
Brandenburg" to which also the three Universities of our neighbouring Capital city Berlin
contribute essential expertise.

EUCHIS 99 was a successful meeting. Despite the fact that the number and frequency
of Conferences on chitin and chitosan is increasing worldwide, more than 240 participants, 45
of them coming from industry, representing 34 countries attended the meeting. This book
contains the Proceedings of EUCHIS 99 with 102 of the 124 scientific papers presented at the
Conference, documenting the rapid progress and the wide interest in chitin and chitosan. A
special workshop on "Oral Administration of Chitosan" was organized by Prof. Muzzarelli,
and another book entitled "Chitosan per os” emerged from this session. Nevertheless, the
editors decided to include shorter versions of the papers presented at the workshop in the
Proceedings of EUCHIS99.

The editors are grateful to all authors for observing the guidelines with respect to the
length and format of the manuscripts. This faciltitated the editing work enormously though is
was not possible in all cases to adhere to an uniform style. In particular, I am grateful to Dr.
Dirk Schanzenbach and to Marlis Patzelt for their help in preparing transcripts of some of the
more difficult manuscripts. We hope that no errors were introduced during retyping of texts
and arrangements of figures and that all authors are satisfied with the presentation of their
papers in this book. *

Last not least, I would like to express my thanks again to those supporting
EUCHIS99. Wella AG provided financial support and Henkel KGaA donated conference
materials. I gratefully acknowledge the generous support from the University of Potsdam who
provided rooms and facilities for all sessions and social events taking place on campus, and [
thank Karin Baumann for invaluable assistance in publishing this book.

Potsdam, April 2000 Martin G. Peter
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Krill as a promising raw material for the production of chitin in Europe
Viktor E. Krasavtsev

State Research and Design Institute for Fishing Fleet, 18-20, M.Morskaya ul., St. Petersburg,
190000, Russia

Introduction

The natural abundance of chitin makes it possible to produce it out of shrimp, crab, krill, fungi
[1,2], silk reelings [3], freshwater crayfish [4] and other naturally occurring matters. The yield
of chitin in the process does not exceed, as a rule, 2% of the original mass of the raw material.
Due to the fact only those objects of raw material have primary importance the resources of
which on the one hand are assessed in hundreds of thousand tonnes and on the other hand are
not spread at random but are accumulated in one place making it possible to harvest them
industrially. Krill represents a very good example of industrially caught natural resources.

Discussion

The resources of krill in the Antarctic Regions according to some estimations make 50 min
tonnes and yield of chitin after processing makes appr. 1%. Allowable catch of krill for
Antarctic Regions is assessed in 15-16 min tonnes annually. It is possible to catch up to 2.0 -
3.5 min tonnes annually in the recommended regions where krill show a strong build-up. At
present, the actual world catch of krill makes appr. 100 thousand tonnes. As for the European
countries only Poland and Ukraine use to catch krill taking 21000 and 13000 tonnes
respectively. Such situation is conditioned by two factors:

- firstly, the environmental conditions of the region, great distance between fishing grounds
and ports of refuge require the use of large vessels only. Not every country has such vessels;

- secondly, it is necessary to use modern krill processing technologies which will make
catching of this resource efficient.

Russia has all the necessary vessels and technologies. In the beginning of nineties the
USSR used to catch more than 300 thousand tonnes annually. With the yield of chitosan being
0.7% of the total mass of krill the country was able to produce 2100 tonnes of chitosan
annually.

Previously krill was intended, first of all, for the use in food purposes and as a
component of fodder mixtures. In our opinion, today it is possible to consider it primarily as
the basic raw material to produce chitin and, secondary as a source of food and fodder raw
material. In the latter case it is possible to obtain not only chitin but a number of by-products
such as: protein isolate used to produce food products imitating fillets of delicacy fish and food
fibres imitating meat and salmon caviar; krill meat; mince, fodder for animals, poultry, farmed
fish, enzymes, carotinoids. Methods for choosing optimal variants of catching and processing
krill have been already developed [5].



Table 1. Krill catches (according to STATLANT data), tonnes

Country 1988 1989 1990 1991 1992 1993 1994 1995 1996
Chile 5938 5329 4500 3679 6065 3261 3634

Germany 396

Japan 73112 78928 62187 67582 74325 59272 62322 60303 60546
Latvia 71

Republic of Korea 1525 1779 4039 1210 519

Panama 141 495
Poland 5215 6997 1275 9571 8607 15909 7915 9384 20610
USSR 284873 301498 302376 275495

Russia 157725 4249 965

South Africa 2

Ukraine 61719 6083 8852 48884 13388
Total 370663 394531 374773 357537 302960 88774 83961 118712 95039

Russian industry developed two alternatives for the complex use of krill. The first one
which make the main emphasis on the processing of krill at sea is shown in the Table 2.

Table 2. Complex use of krill - first alternative

Type of product SEA SHORE
Krill paste Frozen Cookery
Food products Blanched meat Canned Canned
Frozen
Boiled meat Frozen Cookery
Minced meat Frozen, Canned Cookery
Feed flour In bulk As a fodder for
Granulated poultry, cattle,
Feed and animal and fish
ced an Whole raw krill Frozen farming
technical
products Crustaceous wastes Frozen, dry, chemically Chitin, chitosan,
preserved feed protein
Enzymatic concentrate Frozen Enzymatic
preparations
Waste fraction containing Frozen Caratinoid
heads preparations

The second alternative is basing upon the principle of precessing krill mostly at shore-
based factories. Pre-treatment of raw material is carried out onboard fishing vessels where it is
usually frozen but the main production process takes place at shore. The details are given in
Table 3 .



Table 3 . Complex use of krill - second alternative

SEA SHORE
Semi-finished product for Protein isolate Analogues of
Pressed further complex traditional products
frozen krill  processing into food, I
fodder and technical Crustaceous Chitin, Chitosan
products wastes Feed protein
Semi-finished product for Feed protein Feed paste
Whole frozen further complex Feed flower
raw krill processing into food, I Crustaceous Chitin, chitosan
fodder and technical wastes
products
I Food hydrolysate ~ Sauces
Crustaceous Chitin, chitosan
wastes Food protein

Taking into account the existing situation when practically all European countries are

interested in using chitin and its derivatives, but many of them have no raw material for its
industrial production, the Giprorybflot (State Research and Design Institute for Fishing Fleet)
would like to offer to the parties interested to start the development of international project on
supplying European countries with chitin or raw material for its production.
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CHITEX: Containerized plant for producing chitin
Galina Maslova®’ , Elena Kuprina® , Andrei Bogeruk®

® Giprorybflot Institute, St.Petersburg, Russia
© Aquatechnopark Ltd, Moscow, Russia

Summary

The GIPRORYBFLOT Institute (Russia) has developed a technology for producing chitin by
an electrochemical method. Some advantages of this method in comparison with the traditional
ones - enzymatic and alkali-acid have been revealed. On the basis of this technology, normative
documentation, initial requirements for chitinous raw material processing a specialised
containerised plant named CHITEX has been developed .

Capacity of the containerised plant, its technical-and-economical characteristics have
been assessed. Critical matters connected with utilisation of waste gases and water have been
settled as well. Small size of the plant, possibility of its easy transportation inside a container
by means of automobile vehicles makes it possible to produce chitin in any region and
especially on the spots where shellfish processing is taking place. The technology and
equipment for electrochemical production of chitin are protected by the Russian Federation
patents.

Materials and methods
Fresh water shrimp Gammarus (fresh, frozen and dried) , krill and shrimp shell were used as
raw material for producing chitin. Chitin is the basic product obtained after the treatment of
crustaceous raw material; its by-products are represented by protein hydrolysate, lipids,
bactericidal anolytic solution.

Crustateous raw material was electrochemically treated in tandem by means of its
processing inside the cathode chamber (deproteinisation) and anode chamber
(demineralisation) of specially designed electrolysers [1].

Results and discussion
The process of producing chitin by electrochemical method involves the following
technological operations : raw material preparation - cutting - mixing with electrolytic solution
- treatment of mixture inside the electrolyser’s cathode chamber, heat and thermostatic
treatment inside the reactor (deproteinisation) - separation of the mixture - rinsing of
deproteinised shell with water - mixing with electrolytic solution - treatment inside the
electrolyser anode chamber and settling inside the accumulating tank (demineralisation) -
extraction of chitin from analytic solution - rinsing with water - drying and packing of chitin.
The specialised containerised modular type plant of unique design has been developed
to carry out all these processes [2,3].



A plant module consists of two membrane electrolysers, a power supply and a control
panel, blenders, reaction vessels with actuators, pumps, filters, tanks for electrolytic solution,
raw material and final products.

The membrane electrolysers have a form of flat-parallel constructions with cathode and
anode made of specially chosen for this purpose materials. The separating membrane is made
of ionoselective, chemically and heat resistant polymer which is sanitary treatable. The design
of the electrolysers makes it very easy to replace electrodes and membranes and to change
distance between electrodes by increasing and decreasing cathode and anode space.

Operation of the plant is organised in such way that deproteinisation in the cathode
chamber and denitrogination in the anode chamber take place simultaneously in countercurrent
flow mode.

Duration of separate operations, temperature and pH, electrolyte solution concentration
and hydromodulus, current density, other electric and technological parameters can be varied
within a wide range depending upon the type and state of raw material being processes and
requirements towards quality of final products .

To attain these ends the electrolysers are equipped with all the necessary
instrumentation, flowmeters, final control elements and actuators regulating supply of
suspension into the electrolysers. All the control systems are terminated at the control board.

Capacity of the modular unit, its technical-and-economical characteristics have been
defined. The problems connected with utilisation of waste gases and water have been settled
with the use of a scrubber, plenum-exhaust ventilation and neutralisation of spent liquids by
electrolytic solutions.

Overall dimensions of the plant modular :

- length 4 m (the unit is not solid)
- width 22m

- height 25m

Square occupied 20 m?

Power consumption

(220/380 V, 50 Hz) 20 kW per hour
Capacity 1.5 t of chitin per year

Electrochemical treatment of dispersed crustacea raw material inside the cathode and
anode chambers of electrolysers combined with concurrent influence upon the raw material of
active ions H' and OH (i.e. pH media), redox-potential, stream of charged particles and
electric current itself make it possible to provide the maximum rate of protein and mineral
substances extraction and to produce chitin with better functional capacities in more mild
conditions. This electrochemically extracted chitin named “CHITINEL” complies with
technical conditions and with the sanitary certificate issued for this type of products.

“CHITINEL” is intended to be used as a sorbent and bioactive substance in
ecoreabilitating situations, agriculture, in food, cosmetics, pulp-and-paper and other industries,
as well as a semi-finished item for producing chitosan.

Conclusions

Use of the plant in the service mode of operation showed stable functioning of all the units and
equipment ensuring achievement of optimum parameters in accordance with the technological
instructions , technological schedule and maintenance instructions.
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Production of chitin by electrochemical method has the following advantages :

- maximum use of such valuable components of the processed raw material as protein,
lipids, shell;

- less units of equipment are used and technological processes take less time than usual;
- better wear resistance properties of the technological equipment and less factor of
ecological risk due to the fact that such aggressive media as acids and alkali are not
used and pH in neutral effluents is equal to 7.0,

- consumption of water and other auxiliary materials is reduced,

- it is possible to change capacity of the plant very quickly by configuring it from the
different number of production modules having regard to the availability of raw
material and needs in final products;

- small size of the plant made it possible to manufacture its containerised version which
is able to produce chitin in any region and especially on the spots where shelifish
processing is taking place.
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Summary

From a screening of 24 fungi belonging to the Mucorales the best chitosan producers were
identified as Absidia coerulea and Absidia spinosa with a maximum chitosan yield of 1,3 g/l
when grown in shake flasks. Addition of azole compounds, digitonin, chitosan oligomers or
cobalt did not positively influence the yield of chitosan. An increase in chitosan yield was
observed with additional ammonia. The fungal chitosans had a molecular weight of 700 kDa
and a degree of deacetylation of 90 %. The viscosity of the fungal chitosans was lower than
that of crab chitosan of comparable size. NMR-analysis of chitosan oligomers from
enzymatically cleaved fungal chitosan showed a structure very similar to oligomers of crab
chitosan. From a fermentation of Absidia coerulea 2,7 g/l chitosan were recovered. Using an
enhanced chitosan isolation method clearly soluble chitosan free of colour and odour was
obtained.

Introduction

The cationic biopolymer chitosan, industrially manufactured from crustacean shells rich in
chitin, finds diverse applications in industry e.g. in the treatment of waste water, in
agriculture, in the pharmaceutical industry and in cosmetics [1,2].

A critical process step towards chitosan is the deacetylation of chitin which utilizes hot
concentrated caustic [3,4]. Alternatives to the chemical deacetylation could be the use of
chitin deacetylases for an enzymatic process [5,6] or the utilization of chitosan producing
microorganisms as raw material source.

It is known for over 30 years that fungi of the order Mucorales incorporate chitosan
into their cell walls [7]. These fungi possess a chitin deacetylase, which acts in tandem with
chitin synthetase on nascent polymer strains to produce chitosan [8,9]. White et al. [10] were
the first to isolate chitosan from Mucor rouxii. Since then a variety of strains have been
screened for chitosan productivity [11, 12] and methods for the fermentation of Mucorales
and extraction of chitosan have been elaborated [12-18]. Recently chitosan was also isolated
from solid-state fermentations of the fungi Lentinus edodes [19].

As chitosan is not excreted into the medium but a constituent of the fungal cell wall,
methods to increase the chitosan yield are limited. Either the medium and culture conditions
have to be optimized in a way that the growth of the fungi reaches a maximum and that
optimum conditions for the chitin deacetylase are maintained or the cell wall of the fungi have
to be manipulated during growth. Azole compounds are known to thicken fungal cell walls
[20,21] having a positive effect on chitin and chitosan content [21]. Another possibility to
enhance chitin deacetylase activity and chitosan production in vitro is the addition of
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digitonin, which causes dissociation of chitosomes [22, 23]. Other methods reported are the
addition of Co?* or chitin [12, 23].

The intention of our study was to screen for the best chitosan producers among the
Mucorales and to determine the chances of improving the chitosan yield of the best producers
by modifications of the medium composition. We were also interested in physical parameters
of the fungal chitosans including structure, degree of acetylation, viscosity and size of the
polymer [2]. Other important criteria for the use of chitosan in high price applications are
colour, odour and clear solubility of the product, so we took a closer look on the quality of the
fungal chitosan.

Materials and Methods

Strains: The following 24 strains were used for screening: Absidia coerulea DSM 1143,
Absidia pseudocylindrospera DSM 2254, Absidia spinosa DSM 3192, Absidia glauca DSM
63295, Absidia repens DSM 812, Absidia coerulea DSM 3018, Absidia glauca DSM 811,
Absidia californica ATCC 24167, Absidia corymbifera ATCC 22742, Absidia spinosa ATCC
38188, Rhizopus oryzae ATCC 34104, Rhizopus oryzae ATCC 34102, Rhizopus oryzae
ATCC 4858, Rhizopus oryzae ATCC 10404, Rhizopus oryzae ATCC 24563, Rhizopus oryzae
ATCC 9374, Rhizopus oryzae ATCC 12883, Rhizopus rhizopodiformis D 0084, Rhizopus
rhizopodiformis A 0001, Rhizopus pusillus ATCC 46883, Rhizopus delemar ATCC 34612,
Mucor miehei NRRC 5283, Mucor miehei NRRC 5284, Mucor javanicus CMI 25330
Culture conditions and standard chitosan extraction protocol: The standard medium used
for cultivation of the fungi consisted of 20 g/l glucose, 10 g/l peptone, 1 g/l yeast extract, 5 g/l
(NH4)2S04, 1 g/l K;HPO,, 0,5 g/l MgSO4 and 0,1 g/l CaCl, adjusted to pH 4.5. 200 ml
cultures were inocculated with 10 ml of a fresh overnight culture and shaken at 26 °C and 150
rpm for 48 h or 72 h respectively. Fungi were recovered by filtration, washed, disrupted with
a turrax and then autoclaved in 80 ml of a 2 % NaOH solution. The caustic solution was
cooled under stirring, cell wall polymers were centrifuged and washed with water. Acid
extraction of chitosan was performed twice, at 30 °C overnight and at 60 °C for additional 3 h
with 40 ml of a 2 % HAc each time. The chitosan was precipitated with a pH-shift to 9.0,
separated by centrifugation, washed with water and lyophilized.

Medium compositions: All changes to the medium as varying ammonium or phosphate
content and varying pH are based on the standard medium as described above. Bifonazole,
etridiazole and digitonin were added to the culture after 24 h. Chitosan oligomers and CoCl;
were added prior to inocculation of the culture. 20 g/l glucosamine and N-acetylglucosamine
were added to the medium in exchange for glucose.

Fermentation of A.coerulea: Fermentation was performed in a 10 1 Braun Biostat E
fermenter equipped with a rushton-turbine, pH-, temperature- and oxygen-control. 4 1 of
standard medium were inocculated with a fresh 200 ml culture and stirred at 26 °C and pH
5.0. After 24 h 1.0 g/1*h glucose and 0.125 g/1*h (NH4),SO4 was added continuosly. After 96
h the fermenter was heated to 80 °C for 0.5 h, cooled and the cells were recovered by
filtration. :

NMR-analysis of chitosan polymers and oligomers: NMR-analysis was carried out on a
DPX 400 Bruker with a QNP probe head. 'H-spectra were taken for the determination of the
degree of deacetylation. Polymers were dissolved in diluted formic acid/D;O and the degree
of acetylation was determined from the proportion of sugar to acetate signals. For structure
comparison between fungal and crab chitosan a higher resolution was obtained by using the
respective chitosan-oligomers dissolved in DCI/D,0. *C-spectra and 2-dimensional TOCSY
(total correlation spectroscopy) spectra were taken for structure elucidation.
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Oligomers of chitosan were synthesized by enzymatic cleavage with chitosanase
(Seikagaku) for 48 h at 25 °C under stirring. The oligomers were separated by filtration over a
10 kDa cutoff membrane and dried.

HPLC-analysis: Relative molecular weight measurements were performed on a Waters
HPLC with a Shimadzu Rl-detector at 30 °C and a flow rate of 0.5 ml/min with a TSK-Gel
aequous GPC-column set and 0.5 M formic acid/ 0.15 M NaNO; as eluent. PEG and PEO
standards were used for calibration.

Viscosity-measurements: Viscosity of the polymer-solutions was determined with a RS 150
viscosimeter from Haake at 25 °C. Chitosan was dissolved either as 0.5 % solution in 0.5 %
glycolic acid or as 1 % solution in 1 % HAc.

Results and Discussion

Screening for chitosan producers: Chitosan could be isolated in varying amounts from all
of the 24 fungal strains in the screening approach. As observed before [11, 12] Absidia strains
were the best chitosan producers with a chitosan content of up to 15 % of dry cell weight. All
Rhizopus strains had chitosan yields under 100 mg/200 ml with a maximum of 9 % chitosan
of dry cell weight, while the Mucor strains tested had chitosan contents below 2 %.

1400

1200

1000

800

600

mg chitosan/l

400

Figure 1: Chitosan productivity of 24 fungal strains of the order Mucorales. Values are in
mg chitosan per liter of standard medium obtained from shake flask experiments.

Absidia spinosa DSM 3192 was identified as the best chitosan producer with yields of
up to 260 mg/200 ml chitosan, however, this strain was difficult to grow to high cell densities
repeatedly. Therefore we chose the second best chitosan producer, Absidia coerulea DSM
3018 (210 mg/200 ml), for further experiments. Fermentation with continuous dosage of
ammonia and glucose resulted in a fungal dry cell weight of 11 g/l after heating to 80 °C and
a chitosan yield of 2,7 g/l. The growth of the fungi in the fermenter was probably limited due
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to too high shear stresses, thus under optimized conditions 2-4 times higher yields should be
possible.
Influence of medium and additives on chitosan yield: All experiments were carried out
with Absidia coerulea DSM 3018. The fungi produces similar amounts of chitosan in a broad
pH-range between 3.5 and 7.5 with an optimum around pH 5.0. At pH-values below 3.0 the
overall yield of the fungi decreases significantly and the percentage of chitosan compared to
dry cell weight is also reduced to 1 %.

Phosphate in the standard medium might be reduced three times without any loss of
chitosan yield. An increase in chitosan yield is obtained when the amount of ammonia is
increased by 50 %, however, this effect is only visible at incubation times of >/= 72 h.
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Figure 2: 100 % corresponds to chitosan yield in standard medium. a) pH-dependency of

chitosan yield b) influence of different phosphate and ammonia concentrations on
the chitosan yield, 1 corresponds to 100 % = standard medium, A= ammonia (48
h incubation) , M= ammonia (72 h incubation), 9= phosphate. ¢) influence of
bifonazole (®), etridiazole (W) and digitonin (A) on the chitosan yield. d) 1 =
exchange of glucose against glucosamine, 2 = exchange of glucose against N-
acetylglucosamine, 3 = addition of 80 mg/l chitosan oligomer, 4 = addition of 800
mg/1 chitosan oligomer, 5 = addition of 5,0 mg/l CoCl,.

Neither additions of the azole containing fungizides etridiazole and bifonazole in
sublethal doses, known to cause fungal cell wall thickening, increased the amount of
extractable chitosan, nor influenced digitonin the chitosan yield from A.coerulea significantly.
Thus the previously observed rise in chitin deacetylase activity and chitosan synthesis in vitro
in the presence of digitonin does not reflect the in vivo situation at least in A. coerulea. The
effect of an increased chitosan productivity in the presence of Co** could not be detected with
A. coerulea either.
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We exchanged glucose against glucosamine and N-acetylglucosamine in the medium
to evaluate wether the fungi possesses metabolic pathways to phosphorylate the aminated
sugars to incorporate them directly into chitin and chitosan. Our results of a decreased
chitosan yield at comparable dry cell weights ruled out the hypothesis of an alternative
metabolic route. With the addition of chitosan oligomers to the medium our intention was to
find out wether the fungi can utilize the oligomers as starting points for the synthesis of new
chitosan strains, however, no positive effects could be detected either.

Summarizing our results we did not find additives which enhanced the in vivo

chitosan productivity significantly. Thus screening for the best chitosan producers and
optimizing the medium composition and fermentation conditions are to our opinion the
methods of choice to maximize fungal chitosan production.
Physical properties of fungal chitosan: For a characterization of the fungal chitosans the
molecular weight, viscosity, structure and degree of deacetylation were compared to chitosan
from crustacean origin. The relative molecular weights of A.coerulea and A.spinosa chitosans
were in the range of 700 kDa, lower than high molecular weight chitosan from crustacean
origin (e.g. Hydagen® CMF). The viscosity of 4.coerulea chitosan is clearly lower when
compared to crustacean chitosan of similar size (e.g. Hydagen® DCMF). The low viscosity of
the fungal chitosan may be an advantage regarding handling of solutions and ease of
formulation. The degree of deacetylation determined by NMR was around 90 % for the fungal
chitosans, which corresponds to or even exceeds values found for high quality chitosans from
crustacean origin.

3 .00

Figure 3: GPC-diagram of chitosan from A.coerulea (1), A.spinosa (2) and
Hydagen® CMF (3).

Table 1: a) Viscosity of A.coerulea chitosan in comparison to Hydagen® DCMF and
Hydagen® CMF at a chitosan concentration of 0,5 % and 1,0 % in solution; b)
degree of deacetylation after NMR; c¢) molecular weight after GPC.

A.coerulea  A.spinosa Hydagen® DCMF Hydagen® CMF

a) 0,5 % chitosan 20 mPa*s nd. nd. 200 mPa*s
1,0 % chitosan 20 mPa*s nd. 200 mPa*s 1200 mPa*s

b) degree of deacetylation 91 % 86 % >80 % >80 %

c) MW 670 kDa 770 kDa >/= 700 kDa > 1000 kDa
MW at peak maximum 450 kDa 670 kDa > 1000 kDa
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It was reported that the structure of the fungal chitosans differs from chitosan of crustacean
origin, though these differences have not been characterized so far [16,24]. We investigated
the structure of A.coerulea chitosan in comparison to crustacean chitosan by NMR-analysis.
When the chitosans were oligomerized to improve the resolution of the spectra, we could not
detect any significant differences between the fungal and the crustacean chitosan oligomers.
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Figure 4: Comparison of NMR-spectra of chitosan oligomers from A.coerulea and
Hydagen; a) 13C-spectrum of A.coerulea oligomers; b) 13C-spectrum of
Hydagen® oligomers; c) TOCSY-spectrum of 4.coerulea oligomers; d) TOCSY-
spectrum of Hydagen® oligomers.

Quality of fungal chitosan: With the standard chitosan isolation procedure colloidal parts
remained unsoluble in dilute acids. With a flocculation agent these colloids could be removed
from the solution completely. Colloloidal chitin prepared from crab chitin was used
succesfully for the removal of colloidal particles. From 2 day old cultures yellow-white
chitosan free of odour was isolated. With a short H,O, bleaching step white chitosan was
obtained. Cultures grown for a longer period of time, however, resulted in more brownish
chitosan which was more difficult to bleach.
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Figure 5: a) left: 0,5 % solution of fungal chitosan in 1 % HAc before flocculation, middle:

0,5 % solution of fungal chitosan in 1 % HAc after flocculation, right: 0,5 %
solution of Hydagen® DCMF in 1 % HAc; b) left: dried fungal chitosan before
bleach, middle: dried fungal chitosan after bleach, right: Hydagen® DCMF;

Summarizing our results two additional purification steps, flocculation of colloids and

a short bleach, are neccessary for the isolation of high quality chitosan clearly soluble in
dilute acids and free of colour and odour. As the fungi are cultivated under controlled
conditions the quality of the chitosan is not dependent on environmental conditions, so
impurities e.g. heavy metal ions, in the chitosan can easily be avoided.
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Summary

The influence of ferrous and manganic ions on Absidia orchidis growth and chitosan production is
presented. It was found that both ions increase the fungal growth but inhibit the chitosan
production. The addition of Fe*" ions increases the chitosan yield from a volume unit of culture
medium from 0.7 g/L to 1.8 g/L while addition of Mn®* increases the yield only to 1.05 g/L.
Acetylation degrees of chitosans from fungi cultivated with addition of ferrous and manganic ions
were higher ( even above 30% ) than acetylation degree of chitosan from the basic medium (15%).

1. Introduction
Chitosan is a natural component of fungi (Mucoraceae ) cell walls. Chitosan separation from fungi
can be an alternate way to produce this important biopolymer.

The method of chitosan extraction from fungi cell walls was proposed by White, Farina,
Fultonin 1979 [ 1 ]. Although many investigations focused on this subject were done, thereisno a
technology, which would be worth from the economical point of view. The chitosan production
from fungi cell walls is still an open problem.

The yield of chitosan from fungi mass or from a unit of culture medium depends on several
factors as: strain of fungi used, cultivation method ( shaking culture, bath culture, continuous
culture, solid state culture ), cultivation parameters (pH, temperature, mixing rate, time of
cultivation ).

The increase of chitosan yield can be obtained either by increasing of biomass yield or by
increase of chitosan content in cell wall

The presence of chitosan in the fungi cell wall is a result of complex action of two
enzymes: chitin synthase, responsible for chitin chain building and chitin deacetylase, responsible
for chitin deacetylation and transformation of chitin into chitosan.

Some compounds influencing activity of these enzymes ( Co, Mn, Fe, Ca, Zn, EDTA,
trypsine ) have been reported in literature { 2, 3 ] but there are no data concerning the effect of
them on chitosan production by alive microorganisms.

The aim of presented work was to determined the influence of selected compounds on
chitosan production by Absidia orchidis fungi. In the preliminary investigations the addition of
ferrous, manganic, cobalt ions as well as addition of trypsin and chitin to nutrient medium were
investigated [ 4 ]. On the base of these preliminary investigations the Fe'? and Mn*? ions were
chosen to experiments.
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2. Materials and Methods

2.1. Fungi

The Absidia orchidis NCAIM F 00642 ( Budapest, Hungary ) strain was used. The 2-days old
shaking culture were used as an inoculum.

2.2. Cultivation medium

The YPG medium enriched with following salts was used: 0,5g (NH4);SOs, 0,1 g K;HPO,,
0,1 g NaCl, 0,5 g MgSO,x7H;0, 0,1 g CaCl,, 100 ml H,O [ S ]. pH of the medium was 6,3.
FeSO4x7H;0 and MnSO,x5H,0 were used for Fe'? and Mn"? ions experiments. All reagents were
analytical grade or higher

2.3. Culture conditions

The bath cultures were carried out in bioreactor BIOFLO III ( New Brunswick, USA ). The
culture medium ( 4.5 dm® ) was added to the bioreactor, sterilized ( 121°C, 20 min ) and
inoculated with 500 cm® of 2-day old shaken culture ( total liquid volume was 5 dm® ). The fungi
were incubated at 26°C, pH = 5.5, aerated and mixed. The time of cultivation was 48 h. The IN
NaOH and 1N HCI solutions were used to stabilize the pH value.

2.4. Biopolymer separation
The biopolymer separation method consisted of the following steps:

A. Biomass separation Fungi biomass was homogenized in the bioreactor ( 900 rpm, 30
min). The biomass was then centrifuge ( 6 000 rpm, 20 min) and washed with deionized water.
B. Cell wall separation The fungi biomass was treated with 1 N NaOH solution at 121°C,

10 min ). The alkali insoluble fraction ( cell walls) was then centrifuged ( 6 000 rpm, 20 min ),
washed with deionized water and dried 24 h at 60°C. Finally dry cell walls ( d.cw ) were ground.
C. Biopolymer extraction  The fungi cell walls were treated with 1% CH;COOH solution. The
solution was centrifuged and an acid soluble fraction was collected. The liquid was mixed and
alkalized to pH 10.0 with 1 N NaOH - biopolymer was precipitated. Biopolymer was separated
from the liquid by centrifugation ( 20 000 rpm, 20 min ), washed with deionized water and dried at
50°C. The biopolymer was stored at room temperature in an air-tight vessel.

2.5. Analytical methods

A._Acetylation degree Degree of acetylation was calculated on the base of infrared spectra
( IR ) according to the direct method of Shigemasa et al [ 6 ]. IR spectra were measured on
Perkin-Elmer System 2000 spectrometer. The resolution was 4 cm™'. The average of 32 scans for
each spectrum were used. Samples of chitosans were used as KBr disc ( 2mg / 250mg ). The
calculation method used the amide Il band at 1560 cm-1 and the band at 1070 cm-1 as an internal
standard.

B. Mean viscosimetric molecular weight The mean molecular weight of the biopolimers was
determined on the base of viscosity measurement of chitosan solution in acetate buffer ( 0,3 M
CH;COOH + 0,2 M CH;COONa ) at 25°C, using Mark-Houwink equation with constants
evaluated by Roberts and Wang [ 7 ]: K = 0,075 cm®/g and a = 0,76.

3. Results

Literature data report influence of Fe** and Mn** on pure chitin deacetylase [ 3, 4 ], enzyme
responsible for transformation of chitin into chitosan. There are no literature data showing
influence of these ions on chitin synthase, enzyme responsible for building of chitin chains.
Presented experiments were focused on determination of the influence of ferrous and manganic
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ions on the chitosan formation in fungal cell walls during their growth in bath culture.
Investigations were performed on typical YPG culture medium enriched in several mineral salts
( p. 2.2.). The medium is sufficient to support the growth of fungi.

Biomass yield was calculated as a mass of dry biomass per volume of culture medium {g d.bm/L],
Cell Walls yield wad calculated as a mass of dried cell walls per volume of culture medium
[gd.ew/L ],

Chitosan yields were calculated as:
- a mass of chitosan per volume

of culture medium [g/L ],

- a mass of chitosan per mass of J = (';l?lln“:l“e“]
biomass [ g/ g d.bm ], ell wall yield
fhz.iymass of chitosan per mass of L] Chitosan Yield J
drycellwalls[g/gd.cw]. ?-
The mass of chitosan _
corresponds to dry form ( not a 2. /
gel form). 3
3 /

3.1. Influence of Fe** ions f

Figure 1. presents the 0
yields of dry biomass, cell walls e
and chitosan from a volume unit , - T
of culture medium. 0 36 9 18
It can be observed that increase Fe concentration [ mM ]
of Fe?* ions causes the increase
of : Figure 1. The influence of ferrous ion concentration on the

- biomass yield from 7.4 g yield of biomass, yield of cell walls and yield of chitosan.
d.bovL to 45.3 g d.bm/L,

- cell wall yield from 2.5 g/ L to

12-13 g/ L and ‘
- chitosan yield from 0,7 g/ L to (W from cell walls )
1.8 g/L 200 - B from biomass

Addition of ferrous ions caused
decrease of chitosan yields from
a unit of biomass and a unit of
cell walls what can be observed
at Fig. 2.

For Fe** concentration equal 9
mM the chitosan yield from a
mass unit of biomass was 3 times

~
by
=)

200

2
S
|

Yield of chitosan [mg /g ]
2
i3

©
£
L

smaller and for the chitosan yield i

from a mass unit of cell walls o = = :
was 4 times smaller than the 0 16 9 18
yields obtained from the basic Fe concentration [ mM ]
medium.

It was observed that Figure 2. The influence of ferrous ion on the chitosan yield
acetylation degree was lower in  from a unit of dry biomass and from a unit of dry cell walls.
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the culture without Fe?* ions (15%) than in the cultures with addition of ferrous ions ( 26 - 30%).
Also mean molecular weight was higher in the standard culture (750 kDa ) than in modified ones

(88 - 300 kDa).

3.2. Influence of Mn?** ions

Figure 3 presents the
yields of dry biomass, cell walls
and chitosan from the volume
unit of culture medium. The
highest yields were obtained in
the culture containing 20 mM
Mn*:

- biomass - 15 g d.bm/L,

- cell walls - 4.5 g d.cw/L,

- chitosan - 1,05 g/L.

Addition of Mn** doesn't
influence  significantly  the
chitosan yields from a mass unit
of dry biomass ( 69 - 9%6m g/ g
d.bm ) or a mass unit of cell
walls (232 - 314 mg/ g d.cw ),
Fig. 4.

The acetylation degree
of chitosan obtained from the
culture containing 10.4 mM Mn**
was similar to chitosan obtained
from the basic medium (18,8%
and 15% respectively ). Further
increase of manganic ions
concentration caused significant
increase in acetylation degree -
above 30 %.

The mean molecular
weight changes from 98 kDa at
Mn** concentration equal 10.4
mM to 1156 kDa for 20.7 mM
while for the basic medium
chitosan mean molecular weight
was 750 kDa.

4. Discussion

According to presented
data it can be stated that ferrous
ions increase the biomass yield
from a volume unit of culture
medium (up to 45 g d.bm./L ),

Biomass

[ |
B cciwan

Yield [g/L]
1

0 104 20.7 415
Mn concentration [ mM ]

Figure 3. Influence of manganic ions concentration on the
yields of biomass, yield of cell walls and yield of chitosan
from a unit of culture medium.
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Figure 4. Influence of manganic ions concentration on the
chitosan yield from a mass unit of dry biomass and a mass
unit of cell walls.
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the cell wall yield (up to 13 g d.cw/L ) and the chitosan yield ( up to 1.8 g/L ). But they also
decrease chitosan content in biomass ( even 3 times) and in cell walls ( even 4 times ). The increase
of chitosan amount is due to increase of biomass yields than increase of chitosan content in fungi
cell walls. For Fe?* concentration equal 18 mM biomass yield from a volume unit of culture
medium was 6 times higher and chitosan yield from a volume unit of nutrient was 2.5 times higher
than these obtained in the basic medium. In the same time the chitosan yield from a mass unit of
dry biomass was 2-3 times smaller than in standard medium.

Ferrous ions are reported as substance which decreases activity of chitin deacetylase [2].
This action was confirmed in our experiments. Chitosan from fungi cultivated in culture medium
containing Fe?* jons has higher acetylation degrees ( 26 - 30% ) than chitosan from the basic
medium ( 15% ).

Ferrous ions decreased also activity of chitin synthase. Mean molecular weights of chitosan from
modified cultures have lower values ( 88 - 300 kDa ) than that from standard one ( 750 kDa ).

Manganic ions act in similar way as ferrous ions. Above concentration equal 10.4 mM
they increase the biomass yield ( up to 15 g d.bm/L ), the cell wall yield (up to 4.5 g d.cw/L ) and
the chitosan yield ( up to 1.05 g/L ) from a volume unit of culture medium. Similarly to Fe?*, the
increase of chitosan production was caused by the increase of biomass yield. In contrary to ferrous
ions, manganic ions doesn't influence the chitosan yield from a mass unit of dry biomass and the
chitosan yield from a mass unit of cell walls.

Manganic ions are reported in literature as an activator for chitin deacetylase [ 2 ]. This

activation was not observed in our experiments. Acetylation degrees of chitosan produced from
fungi cultivated in culture containing Mn** ions were much higher (above 30% ) than that from
the basic medium ( 15% ) what was an effect of chitin deacetylation inhibition by Mn**.
There was no simple relationship between mean molecular weight of chitosan and concentration
of manganic ions in medium. At lower concentration ( 10.7 mM ) we produced chitosan with
lower mean molecular weight ( 96 kDa ) while for higher concentration ( 20.7 mM ) we produced
chitosan with high mean molecular weight ( 1156 kDa ) - mean molecular weight for the basic
chitosan was 750 kDa. There are no literature data presenting influence of Mn>* on property of
chitosan produced from fungi.
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Abstract :

Several carbohydrate sources, such as sugar cane, lactose and whey powder at 10 and 20%
(w/w wet basis) were added to prawn head wastes; S5 and 10% (v.w. wet basis) of
Lactobacillus spp. B2 were used for selection of fermentation conditions. Sugar cane 10%
and 5% of inoculum were chosen due that the acid production and homofermentative pattern
was also observed.

Further the lactic acid fermentation was scaled-up in a packed-bed column reactor,
pH was kept lower than 5.0, allowing the preservation of the wastes until 3 months. About
90 and 80 % of deproteinisation and demineralisation respectively were observed at the sixth
day of fermentation. The raw chitin from silage was treated with acid and alkali for
completion of minerals and proteins removal.

Introduction

Prawn production and catching has grown as an important income for Mexico, the total
production of 1998 was 80,000 tones. Approximately 45% of the total weight of the animal
are waste, such as heads and exoskeleton, the majority of wastes are disposed offshore or
inland causing pollution. Waste can be sun-dried or cooked for prawn meal production
however the waste supply is irregular and seasonal being a limitation. The above mentioned
might become worse considering the perishability of the prawn wastes that difficulty the
processing.

Lactic acid ensilation has been applied for many years in the elaboration of fermented
sauces and pastes found in South East Asia. The fermentation route has shown to be a good
mean of preservation and potentially might generate product lines, considering that wastes
are composed of valuable products such as chitin, protein and pigments (astaxanthin), which
have an important market [1,2,3].

Chitin is the second most abundant polysaccharide in the nature after cellulose, has
many applications in food, medicine, water waste treatment, textiles and cosmetics.
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Traditionally chitin is extracted by alkali and acid treatments, which might cause damage to
the polymer quality.

Lactic acid fermentation combined with chemical treatments has been studied as
alternative method of chitin recovery that reduce the amount of alkali and acid. The removal
of protein and calcium from shells are due to the enzymatic activity and mineral solubilisation
by organic acids produced by bacteria growth [2,4].

Earlier studies have been done using dynamic bioreactors, the main qualities of these
types of fermenters where the agitation maintained a growth-promoting environment and the
ready separation of the waste into the solid and liquid fractions [2]. However even that
operation cost of these rotational reactors can be low many prawn producers countries have
not available infrastructure. The application of a solid state reactor reported in this work allow
to ferment the prawn waste with low energy consumption, do not produce aqueous wastes, it
can be scaled-up and separation of solid fraction was also observed.

The purpose of this paper was to compare the suitability for prawn fermented silage
prepared with various type and amounts of unexpensive carbohydrate sources and inocula
levels. Later on, the set conditions were scaled-up in solid state column reactor and the alkali-
acid treatments were established for purification of raw chitin from silage.

Materials and Methods

Materials

Prawn waste

Prawn (Penaeus spp.) waste was obtained from seafood market of Mexico City and consisted
of heads (thorax). The waste was minced with a meat mincer (Sanitary, Chicago U.S.A.) and
stored at —20°C until required.

Sugars

Refined sugar cane (Azucar, Mexico), lactose (J.T. Baker, Mexico) food grade and spray
dried cheese whey (KemFuds SA, Mexico) were used.

Inoculum preparation

Lactic acid bacteria used was Lactobacillus spp. strain B2, isolated from shellfish waste in Dr.
Hall laboratory and selected for its ability of fast acidification and homofermentative pattern.
Lactobacillus spp. was maintained with MRS broth and 15% glycerol as cryoprotectant at
—20°C. MRS agar slopes were prepared and stored at 4°C. The inoculum preparation was done
using APT broth with a loopful of cells from a slope of MRS agar and incubated at 30°C for
24 h. Starter had a cell concentration of 10%cfi/ml.

Packed bed column reactor

Construction

The column reactor consisted of two modules of stainless steel. The modules were joined one
above the other by eight projecting screws from the bottom side of the flange to the
corresponding holes in the upper side of the flange of the lower module. The modules had an
acrylic mesh plate and two “O” rings between them.

Flask fermentations

Prawn wastes were added with sugar cane, lactose and whey powder at 10 and 20% (w/w),
inoculated with starter at levels of 0, 5 and 10% (v/w). 50 g of the mixture prawn, sugar and
inoculum were placed in flasks and incubated at 30°C. The samples were taken every 24
hours for 4 days.
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Reactor

Once that type and quantity of carbohydrate source and starter level were determined, the
scale-up of the fermentation was carried out in the bioreactor. The prawn waste mixture was
transferred in the reactor, and placed in temperature controlled room at 30°C.

Sample Analyses

The pH of samples of the liquor produced during the fermentation was measured using a
electrode (Conductronic pH 20, U.S.A)). The sample was diluted (1:10) and total titratable
acidity (TTA) determined with NaOH 0.1 M to a final pH of 8.4, and expressed as % lactic
acid [3]. Total soluble sugars were measured from an aqueous extract by the method of
phenol-sulphuric acid [5].

The concentration of lactic and acetic acids were determined by HPLC system (Perkin Elmer,
Norwalk, U.S.A.) which consisted of a column Phenomenex Rezex for sugars and organic
acids at 50°C and detector refractometer 30mM of sulphuric acid as mobile phase.

Elemental Analyser (Perkin Elmer 2400 Norwalk, U.S.A)) determined the total nitrogen (TN).
After the sample was purified of minerals and proteins by acid and alkali treatments,
respectively, Elemental Analyser also determined chitin nitrogen. Corrected protein was
obtained by subtracting chitin nitrogen from total nitrogen and multiplying by 6.25, the
Kjeldahl conversion factor for meat protein assuming that protein has 16% nitrogen [6].
Moisture, lipids, ashes contents were determined by standard methods [7].

Calcium was determined from ashes with an atomic absorption spectrophotometer (Perkin
Elmer, Norwalk, U.S.A)) [6].

Chitin isolation

After the fermentation the prawn waste silage was separated into solid and liquid fractions,
solid (raw chitin) was used for elemental analysis, calcium determination and acid-alkali
treatments.

Pigments from raw chitin were extracted by a solvent system of chloroform-methanol-water.
Uncoloured solid was used for demineralisation with several concentrations of HCI
Subsequently, samples were taken in order to measure the calcium content and compare with
the initial samples.

After demineralisation, various NaOH concentrations were used for protein removal. Nitrogen
content was determined in the samples by Elemental Analysis.

Results and Discussion

Flask fermentations: carbohydrate source and inoculation level

For previous studies reported that showed the amount of carbohydrate was a critical factor for
the performance of fermentation. It was observed at lower sugar concentration than 5%,
prawn and fish were not well preserved silage, in fact at low concentration, 3.8% and 5%, the
fish and prawn respectively putrefied [8,9]. The amount of sugar in this work was established
out minimum 10% of concentration.

A comparison between lactose, sugar cane and whey powder as additives for prawn
waste silage was done. Statistical analyses showed that there were significarntly differences
between carbohydrates sources, the additive with highest mean was sugar cane at 10% of
concentration and starter level of 5%. These conditions carried out highest final acidification
from an initial pH of 7.5 to 4.4 and TTA of 0.5 mmol/g after 96 hours of fermentation
(Fig. 1A). Neither increment of sugar cane (20%) nor inoculation improved the acid
production, in fact 5 and 10% presented the same TTA and pH were just slightly different.
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Fermentation added with lactose presented a similar behaviour although that took
longer time, 72 h, for reaching pH 4.5 and TTA was lower than 0.5 mmol/g. Whey powder
contained lactose, proteins and fat at 750 g/kg, 120 g/kg and 20 g/kg respectively [10].
Lactose is a highly fermentable sugar, nevertheless fermentations made with whey powder
displayed the lowest acid concentration, pH of 5.5 and TTA of 0.28 mmol/g at 96 h (Figure
1B), as a consequence of that, after 4 days at 30°C prawn waste displayed signal of
putrefaction. In spite of the increase of whey powder concentration, 20%, the results were
almost the same, and not likeness fermentations mixed with lactose. Fish silage added with
7.7 % of whey powder appeared to be an acceptable carbohydrate source, however the rather
slow initial decline in pH was seen as limiting and a risk [9].

Fermentation behaviours were rather similar and just in terms of amounts of acid
produced was possible to establish the sugar for the next stage of this work. Mexico is sugar
cane producer and besides the acidification, economical reason made to take this carbohydrate
as the suitable additive. According with the above mentioned sugarcane at 10% (w/w) and 5%
(v/w) of Lactobacillus spp. were used for fermentation scaling-up.
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Figure 1. Evolution of pH and acid production (total titratable acidity) of prawn waste
fermentation added with various inocula levels of Lactobacillus spp. and
(A) 10% (w/w) sugar cane; (B) 10% (w/w) whey powder.

Scaling-up

The prawn waste silage was scaled up to 2 kg reactor size, fermentation monitored during 83
days, measuring TTA, pH, protein and calcium in solid. Approximately 41%, 52%, and 7%
were solid, liquid fractions and loss matter respectively, the latter due to the manipulation, gas
production and moisture loss. After the second day the fermentation reached pH 4.6 and TTA
of 0.34 mmol/g, remaining constant for 83 days, the acid especially lactic acid, has been
reported as a very effective inhibitor for spoilage organisms growth, hence the preservation
was established.
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Deproteination observed during the fermentation was 90% at sixth day and perhaps
was by means of enzymes that acted on the proteins associated to chitin and minerals (Figure
2). Shirai ef al. [4] reported protein hydrolysis during lactic acid ensilation of prawn wastes,
mainly due to trypsin-like proteases, which liquefied the waste. The percentage of protein
removal achieved in this study improved the results of Shirai [8] in flask fermentation that
just obtained 76%, and Zakaria et al. [2] had similar results in scampi waste fermentation in
rotating horizontal reactor. It was also observed the maximum percentage of demineralisation
at sixth day of fermentation, 80% (Figure 2). Lactic acid production might react on calcium
carbonate attached to chitin and proteins, causing partial solubilisation of minerals to liquor,
actually at the end of 83 days of fermentation was possible to observe mineral granules
composed mainly of calcium.
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Figure 2. Changes in protein and calcium during lactic acid fermentation of prawn waste
fermentation added with 10% (w/w) sugar cane and 5% (v/w) Lactobacillus spp.
in column reactor (2 kg size).

The scale-up criterion employed was trial and error techniques, which involved the
maintenance of pH reduction and acid production [11]. Capacity was 2 kg and it was further
increased to 30 kg maintaining geometric similarity, changing the height and diameter. The
reactors of 2 and 30 kg sizes were of equal magnitude of pH and acid evolution (Figure 3).

The pH decrement was observed for the sugar consumption and acid production, the
organic acids produced were determined by HPLC and identified as lactic acid that means
homofermentative trend (Figure 3). An inconvenient of this kind of reactor was the
distribution of nutrients due to the sugar cane went out to the reactor being a potential
limitation for lactic acid bacterium growth (Fig. 3).
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Figure 3. Sugar consumption and lactic acid production during lactic acid fermentation of
prawn waste fermentation added with 10% (w/w) sugar cane and 5% (v/w)
Lactobacillus spp. in column reactor (30 kg size).

Chitin isolation by chemical method after fermentation
Raw chitin (solid fraction) obtained from prawn silage was employed for further purification
by means of several amounts of acid and alkali (Fig. 4).
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Figure 4. Calcium and protein contents after various acid and alkali treatments for chitin
purification after fermentation.
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The lowest decrements of calcium content and total nitrogen detected were
approximately at 0.4M of HCl and NaOH. The above results confirmed that lactic acid
fermentation reduces the amount of chemicals for chitin purification, also feasible preserved
the waste and recover more compounds, since fermentation is a mild process.

Conclusions
Several inexpensive carbon sources were tested for lactic acid fermentation of prawn wastes
in order to scaling-up in suitable conditions for catching and farming areas. Column reactor
design was efficient for prawn waste ensilation observing high protein and mineral removal
which makes easier the chitin extraction, as consequence of that alkali and acid savings were
observed.

Chitin purification from scaled-up prawn waste silage has been done and will be
necessary to select the best inoculation procedure for semi-industrial scale, so might be back
slopping, i.e. taking a proportion of previous batch of silage.
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Summary

Fed-batch production of acetic acid from deproteinised whey by co-immobilised cells of
Lactococcus lactis and Clostridium formicoaceticum in a spirally wound fibrous sheet packed
column reactor has been investigated. Different industrial-grade nitrogen sources (corn steep
liquor, casein hydrolysate and sunflower protein hydrolysate) have been tested to improve
acetic acid production, showing that 2 g/L sunflower protein hydrolysate was adequated for
an effective fermentation. This cocultured fermentation process has been studied to produce
low-cost acetic acid “in situ” and used directly for the demineralisation of crawfish
chitinaceous fraction (exoskeleton). Chitin obtained by this process is chemically and
spectrometrically (FT-IR and >*C-NMR) characterised.

Introduction

The potential use of chitin and chitosan is widely recognised, and an important increase on the
development of new applications has been observed. Actually, chitin, chitosan and their
derivatives have a large range of applications in chemistry, medicine, pharmacy, cosmetic,
food technology, water treatment, etc. However, industrial use of chitin is limited because of
the high price for technical grade chitin and chitosan [1], and its use is restricted to specific
applications. Therefore an extended use of chitin in industrial use need from cheap fabrication
processes, or from the development of profitable processes based on the recovery of chitin
and by-products such as protein-pigments or carotenoproteins, if crustacean processing waste
products are used as starting material.

Traditional methods for commercial preparation of chitin from crustacean shell
(exoskeleton) involves processes that alternate hydrochloric acid and alkali treatment stages
to remove calcium carbonate and protein, respectively, followed by a bleaching stage with
chemical reagents to obtain a white product. Processing costs are elevated because, wherever
environmental controls are enforced, disposal costs must be added [2]. If a process could be
devised for maximising the recovery of useful products cost-effectively, then it may facilitate
the way for great commercial exploitation of chitin. For such a process to be successful the
cost of the reagents used in the process must be of low cost.

Demineralisation is the step that need the greater amount of reagents, and therefore
one of the costly steps. It can be carried out with different acids (hydrochloric [3], lactic [2],
sulphuric {4], and acetic [S]). The production “in situ” of acetic acid at low cost from
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byproducts such as whey [6], low quality wine [7], ethanol [8], lignocellulose [9], might
offer a commercial route for the recovery of chitin from crawfish exoeskeleton, or
chitinaceous fraction.

Materials and Methods

Acetic acid production was carried out as shown schematically in Figure-1, following,
basically, the procedure described by Huang and Yang [6].

Cultures and media: The homolactic acid bacterium, Lactococcus lactis and the
homoacetogenic bacterium, Clostridium formicoaceticum were used in this study. The stock
culture of these bacteria were maintained in synthetic media containing either lactose or
lactate as the carbon source. The composition of these media are that used by Tang and
coworker [10].

Fresh sweet whey permeate (WP) and concentrated acid whey (AW) used in this study
were obtained from Puleva S.A (Sevilla, Spain). They were stored at 4°C until use, usually
less than 1 week. Both, WP and diluted AW, were filter-sterilised using a 0.2-um membrane
filter. To promote the fermentation, WP and AW were supplemented with some industrial-
grade nitrogen sources, including yeast extract, casein hydrolysate (CH), sunflower protein
hydrolysate (SFPH) [11], and corn steep liquor (CSL).

Bioreactor construction and operation: The immobilised-cell bioreactor was made of a glass
column packed with spiral-wound terry cloth as described by Yang et al [12]. The column
reactor itself had a working volume of 0.5 L, and was connected to a 15 L stirred-tank loaded
with the chitinaceous material. A positive pressure of ~ 3 psig of No/CO, gas mixture was
applied to the stirred tank head space to maintain anaerobic conditions in the system. The
entire reactor system contained 10.5 L of fermentation medium and 500 g of chitinaceous
material.

Sample treatment: Crawfish (Progambarum clarkii) meal was fractionated by
sedimentation/flotation [5] in two fractions, a proteinaceous fraction (PF) and a chitinaceous
fraction (CF). The CF was used as starting material for chitin preparation.

Analyses: The pH of samples and fermentation broth was measured using a
Gelplas electrode. Protein concentration was determined by HPLC amino acid
analysis after hydrolysis with 6 N HCI, at 105° during 18 hours [13]. Total
nitrogen (TN) was estimated by the Kjeldahl method [14]. Chitin nitrogen (CN)
was also estimated by the Kjeldahl method, after the sample (2-3 g, dry weight)
had been purified of its calcium carbonate and protein by boiling it with acid and
alkali, respectively [15]. Chitin was calculated by multiplying CN by 14.5,
assuming that the pure chitin contains 6.9% nitrogen [16]. Acetic acid, lactic

acid and lactose were determined by HPLC as described elsewhere [10].

Solid state >*C-NMR: CP/MAS ">C-NMR spectra were recorded on a Chemagnetics
CMX 360 NMR spectrometer (Chemagnetics Co. Ltd., Fort Collins) at room temperature
according to the procedure described by Struscczyk et al., [17]. FT-IR spectroscopy: FT-IR
spectra were recorded on a Jasco FT-IR 5300 spectrometer (Jasco Co. Ltd., Tokyo).
Resolution was 4 cm™, and scanning number was 15, [18].

Results and Discussion

Crawfish meal was fractionated by sedimentation/flotation, according to the procedure
described by Bautista et al, [S], in two fractions, a proteinaceous fraction (PF) and a
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chitinaceous fraction (CF). The PF was sedimented at the bottom of the tank, while the CF
floated at the top. The CF was used as starting material for chitin preparation.

In an attempt to find an alternative to the use of HCl in the demineralisation of
chitinousous materials (crustacean exoskeleton), some investigation groups are studying
different fermentation processes, such as lactic [2,] and acetic acid production. In particular
we are interested in acetic acid production using low cost fermentation substrates, such as
whey [6], low quality wine [7], ethanol [8] or lignocellulose, and its direct use for
demineralisation of CF, integrating both processes, fermentation and demineralisation, in one
integrating system (see Figure-1).

Medium
- Reservoir

Column reactor with
immobilised cells

»” <5 & Chitinaceous
/" > % material
MF Celt
(0.2 um)

Figure-1 Schematic representation of the system used for demineralisation of CF by acetic
acid fermentation.

In this study acetic acid was produced from whey lactose in batch and fed-batch
fermentation using co-immobilised cells of Clostridium formicoaceticum and Lactococcus
lactis, according to the procedure described by Huang and Yang [6]. The cells were
immobilised in a spiral wound fibrous sheet packed in a 0.5 L column reactor, with liquid
recirculation through a 15 L stirred-tank, containing the chitinousous material, CF, (see
Figure-1). Industrial grade nitrogen sources, including, CSL, CH, and SFPH, were studied as
nutrient supplements to WP and AW. Supplementation with either 2 g/I. SFPH or CH or 1,5%
CSL were adequated for the cocultured fermentation (results non shown). In all cases
supplementation with industrial-grade nitrogen sources (2 g/L CH or SFP, or 1.5% CSL) were
sufficient to achieve fast fermentation and high conversion yield. For availability reasons we
use SFPH in all the following fermentations. The optimal supplement level must be
determined with more experiments and based on cost analysis. However, these experiments
showed that efficient acetate production from WP and AW, supplemented with small amount
of industrial-grades nitrogen sources, can be achieved by fermentation with co-immobilised
homolactic and homoacetic cells. Studies carried out in batch fermentation at different lactose
concentration shows that when the lactate concentration was lower than 20 g/L, the specific
growth rate of the homoacetogen increased by increasing the lactate concentration in the
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medium. However, at higher lactate concentrations (> 20 g/L), lactate inhibited the cell
growth. Consequently this high concentration of accumulated lactate negatively affected
acetate production in the cocultured fermentation (results non shown), then lactate is the
substrate for C. formicoaceticum [12] . The acetate production rate decrease can be interpreted
as a substrate inhibition to C. formicoaceticum. Therefore, it is important to keep the lactate
concentration lower than 20 g/L to allow good acetate production rate. To attain higher
acetate concentration, feed-batch fermentation was used. Figure-2 shows a fed-batch
fermentation of WP supplemented with 2 g/ SFPH. As shown in this figure, steady acetic
acetate production to reach a high acetate concentration was achieved in fed-batch
fermentation. Lactate accumulation and inhibition were reduced to a minimal by periodic
addition of lactose. The highest acetate concentration reached in the fermentation was 58 g/L
when the fermentation stopped, probably because of product (acetate) inhibition.
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Figure-2 Fed-batch fermentation of whey permeate supplemented with 2 g/I. SFPH.

Demineralisation of the chitinousous material is initially associated to the production
of both lactic and acetic acid, but after the first 36-40 hours of fermentation the process is
basically dependent of acetic acid production, then at this stage lactic acid is rapidly
consumed by C. formicoaceticum (J. Blanco, personal communication). As Figure-2 shows
lactose is rapidly transformed into lactate and this is transformed into acetate, mainly, as it is
shown by the constant increase of the acetate production curve. The pH drops along the
fermentation process, showing a rapid drop at the beginning of the process (from 7.8 to 6.5).
After this point the decreasing of the pH occurs at a slower rate, until it reaches a minimum of
5.2 £ 0.1. After this point the pH is stable, and the fermentation is stopped and harvest 6 hours
after. Results obtaining in the demineralisation of crawfish CF is shown in Table 1.

The treatment of the chitin obtained by acetic acid fermentation with 0.25 M NaOH
and a 1:5 dilution of hypochlorite, at room temperature during 6 hours, lead to a good quality
chitin (purified chitin) as shown by its FT-IR and >C-NMR spectra (see Fig. 3).
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Table 1. Demineralisation of crawfish CF by acetic acid fermentation.

CF Raw Chitin® Purified Chitin®
Protein 17.8+0.6 % 33+02% 0.8+02%
Fat 0.7+0.1% n.d. n.d.
Chitin 257+13% 88.2+0.8% 94.8 +0.5 %
Ash 51.8+3.5% 41+05% 20+04%

-Results are expressed (dry basis) as the mean + S.D. of three experiments.
* Chitin directly obtained by acetic acid fermentation.
® Chitin obtained by acetic acid fermentation followed by deproteinisation with 0.25 M NaOH and
decoloration with
hypochlorite.
n. d.: non determined.
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Figure-3: FT-IR (A) and ’C-NMR (B) spectra of chitin demineralised by acetic acid
fermentation followed by deproteinisation with 0.25 M NaOH and decoloration
with hypochlorite.
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Summary

Chitin samples from five different species were deacetylated and the rate constants for the
reaction determined. Although those for crab, lobster and scampi were typical of those
expected for a pseudo-first order reaction, those for squid and prawn were found to increase
with increase in time of reaction. This was attributed to swelling of the substrate. Activation
energies were found to be roughly similar for all samples. These chitins, together with
langoustine and shrimp chitin, were deacetylated for varying lengths of time under carefully
controlled conditions and the chitosans analysed. The results show that in a plot of ‘%
solubility versus % deacetylation’ all the chitosans fall on a single curve. This suggests that a
consistent product may be obtained from a variety of chitin feedstocks provided proper
control is maintained over the processing conditions, and that the correct reaction time is
selected for each different chitin to ensure the same level of deacetylation is achieved.

Introduction

One crucial requirement if chitosan is to become an important commercial material is its
guaranteed production on a regular basis to a consistent standard. Since the amount available
from any particular species is limited [1], large scale production of chitosan is likely to
require deacetylation of chitins obtained from several species, possibly depending on the time
of year. It is therefore of interest to determine whether it is possible, through careful control of
the processing conditions, to produce chitosans of similar properties from a range of chitins
obtained from different species.

There are occasional statements in the literature regarding the alleged superiority of
chitosan from a given species relative to that from another species. Thus Ramachandran Nair
and Madhavan [2] compared the metal binding capacities of chitosan from crab (Scylla
senata), prawn (Penaeus indicus), squid (Loligo sp.) and squilla (Oratosquilla nepa). Kurita
et al. have compared the physical structures and hygroscopic characteristics of chitosans
prepared from shrimp chitin and squid chitin [3] and also their chemical reactivity [4].
Additionally Peter and co-workers [5] have compared the analysis of the degree of acetylation
(DA) for chitosans from Northern Atlantic shrimp (Pandalus borealis) and Antarctic krill
(Fupausin superba). Finally Arredendo et al. [6,7] have compared the effects of chitosans
from the Japanese fan-lobster (Ibacus ciliatus), spear squid (Doritauthis blekeri) and Japanese
swimming crab (Portinus trituberculatus) on the state of water and denaturation of
myofibriliar protein during the freeze drying and frozen storage of fish meat.

However these have been application-specific investigations and there has been no
systematic study of the comparability of chitosans prepared from different chitins. In the
current work chitin samples from a variety of sources — crab, langoustine, lobster, prawn,
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shrimp, scampi and squid — have been deacetylated under carefully controlied conditions to
determine the feasibility of producing a consistent chitosan material regardless of the source
of the chitin feed stock.

Materials and Methods
Materials

Samples of chitin, identified only as crab, langoustine and shrimp, were obtained from
industrial companies. Other chitin samples, from scampi (Nephrops novegicus), prawns (Thai
Pink) and lobster (Homarus gammarus), together with B-chitin from squid (Loligo sp.), were
prepared in the laboratory from the crude waste material using standard procedures for the
deproteinisation and demineralisation steps. All the purified chitin samples were ground in a
hammer mill and sieved, the fraction between 500-2000um being used in the experiments.

The dye, C.I. Acid Orange 7 (Orange II), was a commercial sample that was purified
by recrystallisation from aqueous ethanol.
Methods

Deacetylation was carried out using 45% (wt/wt) NaOH in all cases. During the
deacetylation process the temperature, NaOH.:chitin ratio, and level of agitation were carefully
controlled at predetermined values.

The % deacetylation was determined by dye adsorption [8] using C.I. Acid Orange 7
(Orange II).

The solution viscosities were determined on 1% (wt/v) solutions of chitosan in 1%
(v/v) acetic acid using a Brookfield Rotating Viscometer.

The % solubility was determined by dissolving 2g of chitosan in 200 mL 0.1M acetic
acid, stirring for 24h, then filtering the solution and determining the dry weight of insoluble
material retained by the filter.

Results and Discussion
Rate of deacetylation

The rates of initial deacetylation in 45% (wt/wt) NaOH at 41.5°C, 51°C and 61°c were
determined for five chitin samples (crab, lobster, prawn, scampi, squid). The plots of ‘extent
of deacetylation versus time’ were of two types. In the first type, which was found in the case
of the crab, lobster and scampi chitin, the plot is rectilinear, indicating a constant rate of
deacetylation. In the second type, found with the prawn and squid chitin, the slope of the plot
increases with increase in time of deacetylation (Figure 1).

The most obvious explanation for this increase in reactivity is that the substrate is
gradually swelling, opening up the chitin structure and making it more accessible to the
NaOH. That the swelling effect should be pronounced with the squid chitin is readily
understandable since B-chitin is less highly H-bonded, having inter-chain H-bonds between
adjacent chains in the same ‘stack’, as has a-chitin, but being without the additional inter-
chain H-bonds between adjacent stacks that are present in a-chitin [9]. This makes B-chitin
more hygroscopic, allowing it to swell more in aqueous systems {10]. However why the a-
chitin from the prawns should show behaviour similar to that of B-chitin, while the other
samples of a-chitin do not, is not immediately obvious. Another peculiarity is that the
swelling effect induced by NaOH might, by analogy with the cellulose/aqueous NaOH system
[11], be expected to decrease with increase in temperature. However this does not appear to
be the case (Fig. 1).
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Figure 1. Increase in deacetylation of crab chitin and squid chitin at 41.5°C and 61°C.

Another swelling effect was observed during the washing off of these samples after
deacetylation. In nearly all cases the particles became more swollen during the washing
process, causing a change in the physical appearance. In the case of the squid chitin a number
of samples formed highly swollen gels containing 80-100 g liquid/ g chitin, requiring a
solvent exchange treatment - steeping in methanol — before proper filtration could be
achieved. Again by analogy with the cellulose/NaOH system [11] it can be argued that during
the washing process the NaOH solution in the particles is diluted down through the region of
maximum swelling power. This effect could be enhanced by the disruption to the structural
regularity of the chain caused by the limited deacetylation.

Determination of rate constants

The rate constants (k) were calculated for each of these samples at the three
temperatures. The results for crab, lobster and scampi chitin show that the reaction is pseudo-
first order with respect to the amide group concentration (Table 1). This agrees with the
conclusions of Castelli ef al. [12] who studied the deacetylation of crab chitin at 150°C using
30% (wt/wt) NaOH under pressure.
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Table 1. Typical values of rate constants for the deacetylation of chitin by 45% (wt/wt)

NaOH.
Temp/’C  Chitin Reaction  k/s’ Chitin  Reaction k/s?
source time/min source time/min

415 Crab 60 927x10° Squid 30 7.49x 10°
415 « 120 9.24x 10° « 60 10.77 x 10°
415 « 180 9.51x10° « 90 21.36 x 10
61 Crab 20 7.76 x 10” Squid 15 2.05x 107
61 « 40 5.85x10° « 30 5.88x 107
61 « 60 6.02 x 10° « 45 774 x 10°

In the case of the squid and prawn chitins the rate constants, calculated assuming a
first order reaction, were found to increase with time of reaction in line with the increases
shown for squid in Figure 1. However a similar trend is found on calculating them assuming a
second order reaction hence it is not possible to determine the reaction order. However it may
be assumed, in view of the very much greater molar concentration of NaOH relative to that of
~NHCOCH; groups and the behaviour of the other chitins, that a pseudo-first order reaction is
the more likely, with the increasing values attributed to the swelling effect as described above.
The initial rate constants are in the order

lobster < scampi < prawn < crab < squid
and range from 3.53 x 10%s™ t0 10.77 x 10%s™ at 41.5°C.

The activation energies of deacetylation were calculated using the initial rate constants
at each temperature. The values were all quite similar, falling between 81.2 — 90.2 kJ mol”,
and were in the order

lobster < crab < scampi < prawn < squid
The values are high when compared to the values of 35.7 — 57.9 kJ mol™ reported previously
[12] but this may reflect the differences in alkali concentration and reaction conditions.

Product consistency

Seventeen samples of chitin, covering all the source types listed above, were
deacetylated for varying lengths of time under carefully controlled conditions, and the
products analysed for % deacetylation, % solubility, and viscosity. In a plot of ‘% solubility
versus % deacetylation’ all the samples, regardless of the chitin source, fell on a single curve
(Fig. 2, curve [a]). The adherence to a single curve means that a consistent product may be
produced, regardless of the origin of the chitin feed stock, by controlling the % deacetylation
through control of the time of reaction. However the importance of close control of the other
process parameters is demonstrated by curve [b] of Fig. 2. This is data from a series of
chitosans produced in a deacetylation process in which the temperature, NaOH:chitin ratio
and extent of agitation differed from those used for the curve [a] samples. It is clear that
products having the same level of deacetylation, but produced under different reaction
conditions, may have totally different solubility characteristics.

Another important solution characteristic is that of viscosity. In the current work no
attempt was made to exclude oxygen from the deacetylation reaction by working under a N,
blanket. Hence not too much reliance can be placed on the solution viscosity results. However
it is evident that the preliminary processes of deproteinisation and of demineralisation are as
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Figure 2. Solubilities of chitosans produced from various chitin sources.

critical to the quality of the final product as is oxygen exclusion from the deacetylation
process. The 1% solution viscosities of the chitosans prepared from the three chitins obtained
from commercial sources all lie in the range 50-160 cps. Compared to this, those produced
from chitin prepared in our laboratory had, with one exception, viscosities > 1000 cps.
Particularly outstanding in this respect were the chitosan samples produced from squid chitin,
which had viscosities in the range 2500-3500 cps.

Conclusions

Uniformity of treatment, through rigorous control of the conditions of the deacetylation
process, is essential for the production of a consistent chitosan material from a variety of
chitin sources, or indeed from chitin from a single source. If this control is achieved then
chitosans having the same % deacetylation will have similar solution properties regardless of
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the chitin source. The viscosity results suggest that careful control of the initial processes of
deproteinisation and demineralisation are at least as important as exclusion of oxygen from
the deacetylation step if high molecular weight chitosan is to be produced.
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Summary

The properties of chitosans produced from larvae of the fly, Calliphora erythrocephala, are
compared with crustacean chitosans that were prepared under various conditions. Chitosan
was obtained from cuticles of C. erythrocephala generally under milder conditions than
crustacean chitosan. When, for example, a DD of ca. 90% is required, P. borealis chitin must
be heated in 50% NaOH for 8 h at 120°C which leads do a decline of Mv by ca. 81 %. E.
superba chitin requires at least 3 h at 120°C and the Mv decreases by ca. 86%, whereas
C. erythrocephala chitin requires 3 h at 100°C with a decrease in average molecular weigh by
only approx. 67%. Thus, insect chitin seems to be a superior starting material when high Mv,
high DD chitosan is required.

Introduction

The main source for chitosan production is crustacean chitin. The process of chitin
deacetylation usually proceeds under drastic conditions: high-concentrated alkali, high
temperature, and often pressure. As a final product, chitosans with various ranges of average
molecular weights (Mv; from 60 to 500 kDa) and degree of deacetylation (DD, from 60% to
99%) are obtained. The aim of present work was to compare the properties of chitosan
obtained from larva of C. erythrocephala with those of crustacean chitosans.

Material and Methods

Preparation of chitin cuticles: Cuticles I and III: Frozen larvae (-20°C) of Calliphora
erythrocephala were washed with distilled water and homogenized for 15 s at 80 rpm, the
slurry was filtered over a Biichner funnel and washed repeatedly. Homogenization and washing
were repeated twice. The primary deproteinization process was carried out in 1450 cm® of a
2.5 wt% aqueous solution of NaOH for 4 h, at room temperature with stirring (400 rpm). The
deproteinized cuticles were washed with distilled water until neutrality, and homogenized twice
(for 30 s, at 80 rpm). A second deproteinization followed at 50 °C under otherwise unchanged
conditions. Finally, the crude cuticles were washed with copious amounts of water, followed
by washing with ethanol, and air-drying. The product contained some contaminants of the
breeding medium for larvae (saw dust) which could be removed partially by sedimentation. In a
typical example, 6.670 g (wet weight) frozen larvae yielded 867 g (dry weight, 13%) crude
cuticles and 30.6 g (dry weight; 3.5%) chitin of white to light grey colour.
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Cuticles II: The procedure of the purification was similar as described above, except
that the temp. for deproteinization was 50 °C in both steps.

Preparation of chitosan: Chitosan 1I-x/100: Cuticles (8.1 g) were treated with a 40
wt% or 50 wt% aqueous solution of sodium hydroxide (250 cm®) for 1, 2, 3 or 4 h at
temperature of 100 °C or 120 °C with vigorous agitation. The product was washed with
distilled water until neutrality and air-dried.

Sequential deacetylation of chitin. Chitosan 1I-3/1/100: Cuticles containing partially
deacetylated chitosan (obtained after 3h deacetylation with 50 wt% aqueous solution of
sodium hydroxide at 100 °C; 6,63 g; 82%) were treated in a second step with 50wt% NaOH at
100 °C for 1 h. Yield: 4.74 g (70.3%).

Preparation of microcrystalline chitosan (MCCh) [1]: MCCh 11-3/1/100 Chitosan
cuticles 3/1/100-I (ca. 5g) were dissolved in 1 wt% aqueous hydrochloric acid (250 cm®) for
12 h. Insoluble particles were removed by filtration through a glass sintered filter (Schott No.
2). Chitosan was precipitated from the filtrate by addition of a 2 wt% aqueous solution of
sodium hydroxide to give pH 9.0. The MCCh gel-like dispersion was adjusted immediately to
pH 8.0 with 1 wt% HCI (aq.). The slurry was filtered through a cheese cloth, and the MCCh
was washed with distilled water to neutrality. Dehydration was achieved by treatment with
ethanol (2 x 150 cm® of ethanol with vigorous agitation), and the MCCh was dried at 60°C and
finally milled to give a powder.

The effect of the acidity of the solvent on My of MCCh was studied, using 1 wt%
aqueous solution of acetic acid instead of HCI.

FTIR, C-NMR and X-ray, determination of My, water retention value (WRV) and
swelling coefficient were carried out as described in references [2,3,4,5,6,7,8,9].

Results

Comparison of chitins from various sources: Chitin samples prepared from Calliphora
erythrocephala were compared with samples from the Northern Atlantic shrimp (Pandalus
borealis) and from Antarctic krill (Euphausia superba). When the deproteinization is carried
out at higher temperatures, the chitins show generally a higher DD. There is little difference in
My (Table 1).

Table 1. Properties of chitin samples from various sources.

Type of chitin Moisture content Mv DD (by FT-IR) WRV Wc Cs

(%) (Da) (%) (o) (o) (%)

C. erythrocephala 7.19 1.017.000 24.7 99.2 498 1155
cuticle - I

Cuticle - IT 7.43 1.192.000 30.1 822 451 103.4
Cuticle - ITI 7.30 1.067.000 25.1 79.6 443 108.2
E. superba - 1 2.78 994.000 38.7 126.4 558 124.1
E. superba - 11 333 904.000 427 101.7 50.8 136.7
P. borealis 3.41 1.365.000 7.4 59.4 373 63.5

However, the chitosans prepared from chitins that were deproteinized at higher
temperatures, showed a lower Mv and higher DD. The WRV values of deproteinized cuticles
(chitin) were similar to those of chitins obtained from P. borealis shells. The Cs values of
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insect chitins were considerably higher than those of P. borealis chitin and approached the
values obtained for powdered chitin from Antarctic krill.

FT-IR spectroscopy: The IR spectra of chitin and chitosan show the following features:
NH stretching at 3450 cm™ which is superimposed with the OH band; absorption at 2950 cm™
— 2880 cm™ corresponding to aliphatic C-H stretching; Amide I band at 1660 and at 1630 cm™
(singly and doubly hydrogen-bonded carbonyl groups, respectively); Amide II at 1550 cm™;
superimposed C-N and N-H stretches in amide groups at 1310 cm™; and O-C-O stretching at
1150 cm™ (asymmetric) and 1100 cm™ — 1020 cm™ (symmetric). The well resolved intensities
at 1100 cm™ are characteristic to highly N-acetylated chitin.
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Figure 1. FTIR spectra of chitin from E. superba (a), chitin from C. erythrocephala
(cuticle I), (b), chitin from P. borealis (c)

The IR spectra of some chitin samples are shown in (Fig. 1). The low DD (< 30%) is
particularly evident in the spectrum of P. borealis chitin which shows well resolved hydrogen-
bonded NH stretching bands of the amide group at 3120 (symmetric) and 3310 cm™
(asymmetric).

Solid state "’C-NMR spectra: The NMR spectra of chitins from C. erythrocephala
(cuticle I) P. borealis and E. superba are shown in Fig. 2.

Demineralization seems to be effective, as revealed by the presence of only one
carbonyl signal at ca. 174 ppm (i.e. absence of carbonate). The chitin samples from C.
erythrocephala are contaminated with low amounts of protein, as indicated by the low
intensity peaks ca. 30 ppm. These are also present in the NMR spectrum of chitin from
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P. borealis but absent in the E. superba sample. The comparison of chemical shifts shown in
Fig. 2 confirms that all samples are o-chitins.

C=0
Chitin from c:ilicle | of
C. erythrocephala
Chitin from P. borealis ’ \ ‘
Chitin from E. superba |
after demineralization

Chitin from E superba
before demineralization

M I N i
150 100 50 0
ppm

—
200

Figure 2. "C-NMR spectra of chitins from various sources; U indicates the presence of
contaminants (possibly lipids).

Comparison of chitosans from various sources: Chitins obtained from larvae of C.
erythrocephala are deacetylated generally under milder conditions as compared to chitins from
Crustacea as suggested by the comparably lower degree of depolymerization during reactions
under similar conditions (see Tables 1, 2, and 3). When, for example, a DD of ca. 90% is
required, P. borealis chitin must be heated in 50% NaOH for 8 h at 120 °C which leads to a
decrease of Mv by ca. 81 %, E. superba chitin requires at least 3 h at 120 °C and the Mv
decreases by ca. 86%, whereas C. erythrocephala chitin requires 3 h at 100 °C with a decrease
in Mv by only ca. 67%. Thus, insect chitin seems to be a superior starting material when high
My, high DD is required. The data shown in Table 3 are represented graphically in Figs. 3-6.
Fig. 7 shows the effects of the reaction conditions on WRV and Wc. The coefficients suggest
that the internal surface of the biopolymers decrease with decreasing Mv after longer reaction
times (< 1 h). Preparation of MCCh has little effect on Mv, but rather large increases of WRV
and Wc are observed.
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Table 2. Properties of chitosans from larvae of Calliphora erythrocephala.

Chitosan sample® DD(by Mv WRV Cs Wc  Moisture
titration) (Da) (%) (%) (%) content
(%) (%)
Concentration of sodium hydroxide - 50 wt% NaOH aq.
I-3/A 78.7 352000 1419 1703 58.7 8.71
I-3/1/A 957 250000 635 96.1 388 9.12
1-3/B 96.1 83000 1048 1283 512 9.91
II-3/A 83.1 221000 130.7 1563 56.7 7.81
II-3/1/A 963 189000 274 100 215 8.81
- /A 64.1° 775000 1335 1709 572 6.22
I - 2/A 683 490000 108.8 1450 52.1 5.21
III - 3/A 773 386000 99.8 1522 50.0 8.74
III - 4/A 88.1 329000 904 1514 472 851
- 1i/B 68.6 384000 1175 1479 54.0 8.60
I- 2/B 76.8 231000 1064 131.1 515 5.86
I - 3/B 96.7 86000 862 128.7 463 8.87
MCChI-3/1/A 97.6 237000 745 80.6 42.7 8.83
MCChII - 3/1/A 97.4 191000 1164 1395 538 7.81
MCChI-3/B 94.5 83000 119.1 1217 544 6.69
Concentration of sodium hydroxide - 40 wt% NaOH aq.

I - 3/A 57.0° 651000 101.6 1223 504 8.60
III - 4/A 70.3 599000 947 1255 487 8.15
III- 2/B 767 453000 89.0 2205 47.1 8.49
1II - 3/B 85.1 177000 752 1181 429 9.04

* Key for sample codes: I, I, III: identifier for cuticle sample; roman figures: deacetylation time; A:
deacetylation at 100 °C, B: deacetylation at 120 °C.® the sample was only partially soluble; MCCh -
powdered microcrystalline chitosan.

Table 3. Variations of DD, Mv, and WRYV of chitosans from Crustacean chitins under various
conditions of deacetylation. [9]

Sample”  Reaction time (h) and temp. DD (%) (by My  WRV (%)
(°C) potentiometry)
PA10 7+3/100 833 543 000 63.2
PB8 7+1/120 89.9 248 000 65.2
PB9 5+4/120 92.5 261000 62.8
PB10 7+3/120 98.4 227000 56.8
Ml1A 1/100 68.2 336 000 204.5
M3A 3/100 73.5 187000 171.1
M3A 1+1+1/100 66.3 264 000 153.6
MI1B 1/120 67.8 273 000 162.7
M3B 3/120 84.2 155000 98.5
M3B 1+1+1/120 86.8 135000 99.7

Y Sample codes: P: chitin from P. borealis (DD 5%); M: chitin from krill (DD ca. 48.5%). Digits
indicate reaction time, which may be two or three sequential reactions, as indicated.
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Figure 7. Change of WRV and Cs during deacetylation of insect chitins at various
temperatures; 1) WRYV for samples deacetylated at 120°C, 2) WRV at 100°C, 3)
Cs at 120°C, 4) Cs at 100°C.

Solid-state '>C-NMR spectroscopy: There are no significant differences in the
appearance of the spectra of chitosans and chitins obtained from crustaceae or from insects.
The NMR spectra of chitin and chitosan from insect cuticles are illustrated in Fig. 8.
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Figure 8. ">C-NMR chemical shifts of chitin and chitosan from C. erythrocephala and of
MCCh. B signals derived from contaminants (protein).
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The high DD (89.5% and 99%, respectively) is evident from the absence of methyl (23
ppm) and carbonyl (174 ppm) signals in the chitosan samples. However, the cuticle chitosan
still contains a small amount of contaminants (protein) which is absent in the MCCh. Thus,
preparation of MCCh also means a higher degree of purity of chitosan.

FTIR spectroscopy: During deacetylation of crustacean chitin, the Amide I band
decreases in intensity and Amide II is shifted to lower frequencies. The generation of NH,
groups is reflected by the appearance of a new band at 1590 cm™. The NH-stretching at higher
wave numbers is not resolved in highly deacetylated chitosans (Fig. 9). Similar results were
observed upon deacetylation of chitin from C. erythrocephala. The high DD is confirmed by
the shape of the NH-stretching, though carbonyl band is present, indicating the presence of
protein contaminants. They are absent in MCCh.
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Figure 9. IR spectra (4000-2400 cm™ and 2000-400 cm™) of (a) MCCh I - 3/1/A
(DD=97,6%), (b) chitin from Calliphora erythrocephala (DD=24,7%),
(c) chitosan cuticles I — 3/1/A (DD=95,7%), and (d) chitosan cuticles I — 3/A
(DD=78,8%).

X-ray diffraction: The crystallinity of chitin has a strong influence on its properties,
including susceptibility to hydrolysis and yield of deacetylation. Table 4 shows the CrlI values
calculated for various samples of chitin. The chitin cuticles from C. erythrocephala show the
lowest Crl, which is consistent with the facility of deacetylation under relatively mild
conditions. The X-ray diffraction patters reveal also some protein contaminations as has been
observed by NMR and FT-IT spectroscopy (Fig. 10).

Table 4. Index of crystallinity of chitins

Sample Crl

()

Chitin M 73,3
Chitin Mm 67,1
Chitin P 63,5
Chitin cuticles I 394
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Chitosan samples with DD lower than 75% are crystalline, however the crystallinity
decreased gradually with higher DD. Long deacetylation times, giving chitosans with DD >
92%, resulted again in higher crystallinity, though the peak positions had shifted from 20 =
9,8° and 19,4° (chitin Mm) to 2@ = 11,0° and 20,5° (chitosan M6mC). This fact suggests that
the crystallinity of those chitosans increases for chain segments that already exist in the more
ordered region of the chitin which are therefore susceptible to deacetylation at longer reaction
times [.10,11].

100 200 20 20 lloo 2'0.

Figure 10, X-diagrams of chitins from various sources and heterogeneous deacetylated
chitosan: a) - chitin from Antarctic krill, b) and e) - chitin from Antarctic krill after
demineralization, c) — chitin cuticles from Calliphora erythrocephala, d) — chitin
from Pandalus borealis, f) — chitosan M6mC (DD - 92.6%), g) chitosan M3A
(DD - 73.5%)

Summary and Conclusions

1. The M, values of crustacean chitosan decreases drastically with increasing reaction
temperature and time, though the DD values are relatively much less affected.

2. Pandalus borealis is a good source for high M, low DD chitosan, whereas medium to
high DD chitosan of medium to low My, can ideally be prepared from krill chitin.

3. Insect chitosan is prepared under milder condition than crustacean chitosan of similar Mv
and DD.

4. The crystallinity of the chitin determines the reactions conditions: low crystallinity insect
chitin gives a chitosan with high DD and high Mv.

5. The WRV decreases strongly with deacetylation reaction times, especially with low
crystallinity chitins.
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Abstract

The chemical deacetylation of cuttlefish chitin has been carried out at temperatures between
30°C and 90° and the concentration of NaOH used was between 30~50% (w/v). The rate of
deacetylation was determined by plotting the natural log of time against the natural log of the
%DD. The slope is the deacetylation rate and it is termed deacetylation strength (DaS).
Various deacetylation conditions, which lead to same DaS value, were studied. It is found that
with the same Da$S value, a higher temperature treatment will produce chitosan with higher
insolubility and lower molecular weight. The distribution of the N-acetamide groups was also
observed different when the deacetylation condition changed. At high temperature, the
chromatogram is seen in ‘L’ shape, while at low temperature, the chromatograms are in
asymmetrical ‘V’ shape, indicating that the modes of deacetylation are different.

Introduction .

In the process of chemical deacetylation, chitin loses its acetyl group and is converted into
chitosan. There are several factors that affect the process [1,2], including the alkali
concentration, the reaction temperature, the reaction time and the method for preparation of
chitin These factors together determine the outcome of the deacetylation process. For this
concern, the term ‘deacetylation strength’ is proposed. The stronger the strength, the higher
the rate of the deacetylation process. But other parameters will be affected as well, like the
crystallinity [3], the distribution of the N-acetyl-D-glucosamine and the D-glucosamine, the
chain linearity and other physico-chemical characteristics {4] when the deacetylation strength
is different. Therefore, to understand the deacetylation process, it is important to study these
parameters and their combined effects.

In this paper, a mathematical combination of deacetylation conditions allows a
quantitative comparison of one set of condition with another. In this way, interesting physico-
chemical changes in the system can be co-related and a clearer view of their inter-relationship
can be obtained.

It is the objective of this paper to report the effect of the deacetylation conditions on
the course of deacetylation behavior and its effect on the distribution of acetamide group
along the polymeric chain, the molecular weight and its polydispersity.
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Methods

The degree of deacetylation was analyzed by acid hydrolysis-HPLC [5,6], the distribution of
N-acetamide groups by nitrous acid deamination [7] and the analysis of molecular weight was
carried out by GPC.

Results and Discussion

The Effect of Treatment Conditions on the Deacetylation Behaviors of Cuttlefish Chitin

The deacetylation conditions and the deacetylation strength (DaS). The temperature and the
alkali concentration are the two most critical factors that affect the deacetylation process of
cuttlefish chitin. Different combinations of temperature and alkali concentration determine
different deacetylation rate and influence directly the physico-chemical properties of
cuttlefish chitosan. Therefore, the study of the effect of these combinations is essential, so that
the deacetylation process can be handled precisely and producing cuttlefish chitosan with
superior and consistent quality.

However, comparison among different combinations of temperature and alkali
concentration could be more meaningful only if the factor of temperature and alkali
concentration can be combined and be simplified into one value. Then the relationship among
combinations can be drawn more easily and more directly.

One of the practical and precise methods for relating the temperature and the alkali
concentration factors is the rate of deacetylation. As observed frequently, cuttlefish chitin
deacetylated quickly to form chitosan under circumstances of high temperature and high
alkali concentration, while the deacetylation process is observed much slower if the
temperature and the alkali concentration is reduced. A plot of the reaction time against the
degree of deacetylation (%DD) will find that high temperature and high alkaline
concentration give steep slope, a mild condition will show flat slope. Since, the rate of
deacetylation determines the extend of deacetylation that can be reached, it is termed the
deacetylation strength (DaS).
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%DD
In(%DD)

Figure 1. The determination of the deacetylation strength. The deacetylation strength is
obtained by plotting the In(Time, Hours) against the In(%DD), its slope is DaS.
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Generally, the deacetylation strength determines the deacetylation behavior of
cuttlefish chitin. It is usually observed that similar DaS demonstrate close to similar
deacetylation behavior throughout the range from chitin to chitosan of 70% deacetylation. A
comparison has been made between temperature-alkali concentration combinations of 80°C-
30% NaOH (abbreviated as 80(x)30, the ‘x’ being the deacetylation time), 30°C-40% NaOH
(as 30(x)40) and 30°C-50% NaOH (as 30(x)50) (Figure 2). Their deacetylation strength are
0.302, 0.307 and 0.309, respectively.
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Figure 2. Plotting of the deacetylation conditions with similar DaS.

The Effect of the Deacetylation Conditions to the Distribution of N-Acetamide Groups in
the Partially Deacetylated Chitin and Chitosan Samples

In this study, nitrous acid was used to cut the chains between Glu-Glu and Glu-NAG
linkages through the deamination of the glucosamine moiety. The NAG-NAG and NAG-Glu
linkages are remaining untouched [8,9,10]. The glucosamine moiety converts to form 2,5-D-
mannose and the NAG oligomer is always attached by one molecule of 2,5-D-mannose. The
expression of the oligomer after cutting is always in form of (NAG)s.1-2,5-D-mannose, where
n is the peak number appeared in the chromatogram.

The distribution of N-acetamide groups for various deacetylation conditions, with
close DaS values are shown in Figure 3. When chitin is deacetylated by 50% NaOH, the 2,5-
D-mannose peak is usually small in the sample of less than 50%DD. Therefore, the
chromatogram resembles an inverted smooth asymmetrical ‘V’ shape. While deacetylation
conducted in 30% NaOH showed a different N-acetamide group distribution pattern, in which
an irregular distribution of N-acetamide groups was observed. The possible explanation for
this consequence could be that the deacetylation of treatment 30(48)50 was proceeded in more
random form, so that a shorter continuing unit of Glu-N was produced. When subjected to the
deamination by nitrous acid, the 2,5-D-mannose was observed to have only a small peak on
the GPC chromatogram, since most of them were bound to the N-acetamide groups. While for
the treatment of 80(x)30, the deacetylation process may have proceeded in more random
form, therefore, a large continuing unit of Glu-N formed. This is evidenced by the large peak
of the 2,5-D-mannose.
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Figure 3. The effect of deacetylation conditions on the distribution of N-acetamide group.
All selected deacetylation conditions are having the similar DaS value. The
chromatogram usually contains 8 peaks that can be distinguished. The 2,5-D-
mannose is marked by 1 and the peak containing one molecule of NAG and one
molecule or 2,5-D-mannose is marked as 2, and so on.

Effects of the Deacetylation Conditions to the Molecular Weight of Chitosan

As shown by the figure, all treatments of deacetylated at 30°C are having peak molecular
weight (Mp) of around 2 MDalton. The rate of chain degradation, i.e. the reduction of
molecular weight over time (hour), for treatments at these range of temperatures are 0.0024
and 0.0013 Mdalton/hour for treatments 30(x)50 and 30(x)40, respectively. For treatment
80(x)30, the peak molecular weight at 48 and 96 hours of deacetylation are 1.78 and 1.63
Mdalton, respectively. Additionally, the treatment conducted at this temperature, even though
at much lower alkali concentration, has demonstrated a faster rate of chain degradation, i.e.
0.0031 Mdalton/hour. This showed that the temperature factor is the determining factor for
the chain degradation.
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Figure 4. The effects of deacetylation conditions on the peak molecular weight and
polydispersity of chitosan
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Another important feature that can be extracted from the graph is the polydispersity. It
is observed that the values of the polydispersity increase as the temperature increase. For
treatments at 30°C, the polydispersity values are about 1.2 for both 40 and 50% NaOH. The
increment of the polydispersity, over a period of 48 hours, for all treatments at 30°C also
found negligible. For the 80°C treatment, the polydispersity for the 48 and 96 hours
treatments were 1.54 and 2.43, respectively, indicating that the chain degradation was
occurred vigorously.

Conclusions

Different deacetylation conditions may have similar deacetylation strength (DaS), but lead to
chitosan with different physico-chemical properties. Results showed that different
deacetylation combination affects the distribution of the N-acetamide groups greatly. High
temperature is the most destructive factor for the degradation of molecular weight of chitosan.
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Summary

The aim of this research is to design a method on technical scale for the enzymatic
deacetylation of chitin into chitosan. Five fungal strains have been compared for their ability
to produce extracellular chitin deacetylase. Three strains, Colletotrichum lindemuthianum,
Aspergillus alliacus and Aspergillus nidulans produce an extracellular deacetylase that can act
on natural (10% deacetylated) chitin whereas the extracellular enzyme from Absidia coerulea,
Mucor rouxii and Absidia glauca cannot use natural chitin but act only on partially
deacetylated chitin (maximum activity with around 60% degree of deacetylation (DD)). The
enzymes have been further characterized by their optimal temperature and pH for enzymatic
deacetylation, their thermostability, their sensitivity to the reaction product acetate and for the
presence of chitinase. The best enzyme producing strains are Absidia coerulea and
Colletotrichum lindemuthianum. Absidia has the advantage that it can be produced easily
(maximum activity was produced within 3 days) but cannot act on natural chitin.
Colletotrichum has the advantage it can act on natural chitin but is less attractive due its plant
pathogenicity and its slow growth (maximum activity was produced after 5 days).

The conditions for larger scale application of Absidia have been investigated more in
detail. In a synthetic medium containing standard amounts of inorganic salts, glucose and
lactose appeared to be efficient carbon sources. Yeast extract (2%) gave much better
production as compared with peptone or corn steep liquor. Growth was optimal at 30°C, at pH
in the neutral range above 4.5 and in the presence of a low amount of detergent. Enzyme
levels were significantly enhanced if chitin was included in the medium. This inducer of
enzyme activity is most effective at a degree of deacetylation of about 60%. In bioreactor
studies, higher CDA levels are produced at higher airflow rate. The role of partially
deacetylated chitin as inducer has been confirmed.

Introduction

Chitin, a homopolymer of B(1-»4)-linked N-acetylglucosamine, is one of the most abundant,
easily obtainable, and renewable natural polymers, second only to cellulose. It is commonly
found in the exoskeletons or cuticles of many invertebrates and in the cell walls of most fungi
and some algae. Chitin exists in several Zygomycetes species in its deacetylated form referred
to as chitosan. Chitin is an extremely insoluble material and has yet to find important
industrial applications, whereas chitosan is water soluble and a much more tractable material
with a large number and a broad variety of reported applications. At present, industrial
manufacture of chitosan is performed by deacetylation of purified chitin with concentrated
alkali and high-temperature treatment. Using this preparative method, it is difficult to avoid
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degradation of the polymer chain and to circumvent environmental pollution problems. Thus,
either enzymatic deacetylation of chitin or utilization of natural chitosan has to be considered
especially when a controlled, nondegradative, and well-defined process is required.

As is well known, the chitosan existing as a major component of the cell wall of
Zygomycetes is synthesized through the tandem action of chitin synthetases and chitin
deacetylase (CDA). In this pathway, chitin synthetase polymerizes N-acetyl glucosamine
precursor molecules to chitin; chitin deacetylase catalyzes the deacetylation of the nascent
chain of N-acetyl glucosamine residues. CDA plays a very important role in fungal growth of
Zygomycetes. This action of chitin deacetylase could be very useful industrially in the
enzymatic production of chitosan. Chitin deacetylase (CDA) has been purified to
homogeneity from mycelia extracts of the fungus Mucor rouxii by Kafetzopoulos et al. [1].
The intracellular CDA was also purified from a fungus, Absidia coerulea, and characterized
by Xiao-Dong et al. [2]. An extracellular chitin deacetylase activity has been purified to
homogeneity from autolyzed cultures of Aspergillus nidulans and Colletotrichum
lindemuthianum and further characterized by Carlos et al. [3] and Tsigos et al. [4],
respectively.

In this study, chitin deacetylase was produced from different strains and compared
using enzymological criteria. Enzyme preparation has been improved by modifying
fermentation conditions and partial purification. Finally conditions for scale up of biocatalytic
deacetylation of chitin have been investigated.

Materials and Methods
Since there are advantages and disadvantages associated with enzyme located within or
outside the cells, both extra- and intracellular chitin deacetylase (CDA) have been tested for
all CDA containing strains that were available for this study, namely, Mucor indicus, Mucor
hiemalis, Mucor sp, Aspergillus sajae, Aspergillus awamori, Aspergillus alliacus, Aspergillus
usamii van shirousamii, Aspergillus clavatus, Aspergillus sp, Aspergillus foetidus, Aspergillus
kawachii, Absidia coerulea, Aspergillus nidulans, Absidia glauca, Cunnighamella echinulata,
Gongronella butleri, Rhizopus oryzae, Mucor rouxii, Colletotrichum lindemuthianum. The
cultures were allowed to grow for 5 days for spores formation in the agar slants at 30° C.
Spores were harvested by rinsing the culture slants with sterile 0.01% Tween 80 solution and
collecting the spore suspensions in a sterile test tube. The spore suspension of each species (
10® spores/ml) was grown in 250 ml flasks containing 50 ml of medium ( 2% glucose, 1%
peptone, 0.1% yeast extract, 0.5% (NH4),SO4, 0.1% K;HPO,, 0.1% NaCl, 0.5% MgS0,7H,0
and 0.01% CaCl, in distilled water at pH 4.5) and incubated at 30° C and 150 rpm. The
extracellular enzyme activity of chitin deacetylase grown for 1, 3, 5 days was determined.
Mycelia and extracellular enzyme were separated by filtration through a glass funnel.
The filtrate was used as extracellular enzyme. The mycelia were washed with distilled water
until the filtrate was clear. The intracellular enzyme was extracted from 0.1g freeze dried
mycelium by grinding with mechanical homogenizer (Poly Science UAC 24R, 25,000/min) in
10 ml of 0.02 M phosphate buffer at pH 5.8 for 3 min. The extract was suspended in buffer by
gently stirring during 1 hr at 4° C and centrifuged to obtain crude CDA enzyme as a clear
supernatant. This supernatant has been used without further purification. Enzyme activity was
measured in a standard incubation mixture containing 50 mg of chitin/ chitosan substrate
(between 60 and 100 mesh size), Iml enzyme preparation and Sml phosphate buffer (pH 5.8).
The acetic acid released from chitin by CDA was analyzed by gas chromatography (glass
column containing 80/120 carbopack BDA, FID detector, 175, 200, 200°C for column, injector,
and detector temperature, respectively) Enzyme activity was expressed in units, one unit being
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the amount of enzyme that liberates 1pumole acetic acid per min under standard conditions.

Six different strains which produce highest activity have been characterized for
optimal temperature, thermostability, optimal pH, sensitivity to acetic acid inhibition, and
chitinase activity.

The organism chosen from the above experiments is Absidia coerulea. This fungus is
capable to grow on cheap, simple media without the need to add expensive growth promoters.
The principal factors have been investigated that influence the course of enzyme
fermentation: culture temperature, pH, and the dissolved oxygen tension, which itself is a
function of the aeration rate and agitation rate applied to the fermentor system. Many enzymes
are synthesized in larger quantities only in the presence of a specific inducer. The following
materials have been used as inducer: Crude chitin powder, 30-70% degree of deacetylation
(DD) partially deacetylated chitin. Surfactants such as Tween 80 can effect enzyme yield and
enhance the release of extracellular enzyme from microbial cells. Therefore, the various
concentration of Tween 80 (100 - 500 PPM) have been tested as a surfactant to release more
extracellular enzyme from the cell.

The nutrient deficiencies as well as physiological constraints can be the major limiting
factors in bioprocessing. Absence of reaction to the addition of a particular nutrient means
that nutrient is not limiting whereas an increase of growth or of CDA activity after addition
shows that the nutrient considered is present in growth limiting amounts. Therefore, the
optimization of carbon source has been investigated by using starch, maltose, sucrose and
lactose instead of glucose. Similarly, peptone, yeast extract, ammonium sulfate, corn steep
liquor, malt extract have been compared as nitrogen source for optimization. The
compositions of the optimized carbon and nitrogen sources have been varied in the range of
0.5 to 10% to increase the production of CDA.

Results and Discussion

Comparison of CDA activity produced by different strains; As shown in Fig 1, chitin
deacetylase (CDA) activity varied among the fungi evaluated. Absidia species produce CDA
which have highest extracellular specific activity. Among Absidia species, A. coerulea CDA
(15.61U/mg) has higher specific activity than 4. glauca one (13.78U/mg). The specific
activity of C. lindemuthianum with chitin as substrate (15.4 U/mg) is also comparable to that
of A. coerulea. The following highest specific activity was produced by M. rouxii
(7.59U/mg). A. coerulea also produces highest extracellular total CDA activity (23.41
pumole/min) among all strains. The following highest total activity was produced by M. rouxii,
C. lindemuthianum, and A. glauca (22.77, 20.03, and 13.78 umole/min, respectively).
Extracellular specific and total activities are much higher than the data for the intracellular
enzyme (Table 1). Moreover extracellular enzyme has the advantage that the fungal mycelium
does not have to be disrupted and that the CDA does not get mixed with intracellular protein.
So extracellular enzyme (broth) was selected and characterized further. It is remarkable that
some fungi have a chitin deacetylase that is more actives on chitin as compared with chitosan.
This has been found for Colletotrichum, Aspergillus kawachii and Aspergillus alliacus.
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Figure 1. Comparison of extracellular specific CDA activity produced by different strains
(left bar = crude chitin substrate, right bar = 58%DD chitin substrate)

Table 1. Comparison of specific and total activity for four strains, which produce highest

CDA
Strains Extracellular CDA Intracellular CDA

Specific Total Specific Total
activity activity activity activity

A. Coerulea 15.61 23.41 1.67 15.78

A. Glauca 13.78 13.78 2.7 430

C. 15.41 20.03 22 0.56

Lindemuthianum 7.59 22.77 1.25 7.52

M. rouxii

Specific activity = Enzyme activity (U)/mg protein
Total activity = U enzyme/ml* volume (100mL)

Optimization of carbon and nitrogen sources: It is highly important to formulate a
medium for enzyme production that is both cheap and where possible, gives constant
production over a long production period. To investigate various carbon sources in the
fermentation medium, glucose has been replaced by different carbon sources as shown in Fig
2(a). The medium with mannose and lactose as carbon source produced the highest CDA after
about 80 hours. The lag phase of the mannose CDA production is longer than that with lactose
as carbon source. In a next series of experiments, lactose and glucose have been compared.
The medium with 4% of glucose produced more CDA than that with 2% of lactose (33.7 and
243 pmole/min, respectively) by using optimum conditions and medium composition (30°C,
pH 4.5, 2% of yeast extract and inorganic salts). So, glucose was selected as a carbon source

for the production of CDA.
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Similarly, using different nitrogen sources the fermentation medium has been
optimized for the production of CDA. Only one source of nitrogen has been added to the
medium when nitrogen source was varied. It could be seen clearly that the highest CDA is
produced by yeast extract and then followed by peptone and corn steep liquor (Fig 2b).
Regarding morphology, the three nitrogen sources with higher CDA values produce thick
mycelium whereas the other sources are giving only thin hyphae and pellet form. Ammonium
sulphate is giving very low activity .
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Figure 2. Optimization of carbon source (2% w/v) (a; left) and nitrogen source (2%w/v)
(b; right) for the production of CDA.

Effect of temperature and pH on the Absidia CDA production. The optimum
temperature for the synthesis of a particular enzyme may differ from the optimum temperature
for growth. The optimum temperature has been determined by varying the fermentation
temperature in the range 20 - 35° C in a rotary shaker. As shown in Fig 3(a), highest total
CDA activity is produced at 30°C during 24 hours cultivation. The enzyme activity is lower
when the fungus is grown at lower temperature. The fungus, Absidia coerulea, could not be
grown at 35°C.
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Figure 3. Effect of fermentation temperature (a, left) and medium pH (b, right) on CDA
production
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For experiments on the effect of pH on CDA production, series of flasks in the range
of pH 3.48 to 8.5 have been prepared. At low pH, there is effect of pH on CDA production but
above pH 4.5 CDA production is unaffected (Fig 3b). This is the opposite trend with the
optimum pH of Absidia CDA for substrate. The growth of microbial cells is also influenced
by pH and, in many cases, the optimum pH for the achievement of the maximum specific
growth rate of the organism differs from the optimum pH for stability of an extracellular
enzyme [5].

Effect of induction and surfactant. Fig 4(a) explains that chitin and chitosan are
inducer for CDA production. Partially deacetylated chitin with 58% degree of deacetylation,
which is the most specific substrate among the partially deacetylated chitins (Stevens et al.
1997), is also the best inducer. The second comparable inducer tested is 70% degree of
deacetylated chitosan. Another observation is that the fermentation medium with 58% degree
of deacetylated chitin contains the highest concentration of acetic acid (data not shown),
probably produced by CDA during fermentation using the inducer added to the medium as
substrate.

Although the medium without surfactant and with 100 ppm of Tween 80 produced
nearly the same amount enzyme, CDA activity increased with higher Tween 80 concentration
as shown in Fig 4(b). These effects may be due to modification of the cell membrane by
surfactant causing an increase its permeability and leakiness to the enzyme. Larger amounts
of surfactant may affect the enzyme production.
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Figure 4. Effect of induction (a; left) and surfactant (b; right) on CDA production

Effect of aeration in bioreactor with controlling pH: Control of aeration and pH
throughout the fermentation are two advantages in using a bioreactor. In one liter bioreactors,
the airflow rate was varied in the range of O - 0.4 L/min. Partially deacetylated chitin (1% of
PDC, 58% DD) was added to the reactors with 0.05 and 0.1L/min airflow rate. Fig S shows
that Absidia coerulea requires air to grow because there is no mycelium at 0 L/min airflow.
The reactor with 0.2 L/min air flow rate produced more CDA than 0.1 L/min reactor while the
media containing 58% degree of deacetylated chitin were giving the remarkable higher
activity than the media without inducer. Therefore, it could be clearly concluded that higher
CDA levels are produced at higher airflow rate and PDC is an inducer for Absidia coerulea to
produce CDA.
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Conclusions

Among the strains available, A. coerulea, A. glauca, C. lindemuthianum, M. rouxii have been
selected, based on their specific and total CDA activities. Extracellular specific and total
activities are much higher than the intracellular activities. Extracellular enzyme (broth) has
been selected for further characterization also because they do not require that the cells be
disrupted and separated subsequently although they require a relatively high concentration
factor. Fermentation conditions and medium compositions of A. coerulea, which produces the
highest CDA activity, have been optimized. The highest CDA activity was produced at 30°C
and pH 4.5. Absidia CDA is inducible by 58% DD chitin, which is the best partially
deacetylated chitin substrate. Surfactant (Tween 80) also enhanced the release of CDA into
the broth. The optimum carbon and nitrogen sources are glucose and yeast extract,
respectively. The standard fermentation conditions and medium composition have been
selected as follows: 30°C, 100 rpm, 2% yeast extract, 4% (or 2%) glucose, 70 or 58% DD
chitosan (0.1% K,HPO,, 0.1% NaCl, 0.5% MgS0,47H;0, 0.01% CaCl;2H;0). In the
bioreactor, it can be clearly demonstrated that chitosan is an inducer for Absidia coerulea to
produce CDA. Higher airflow rates give the higher CDA activity if pH is controlled carefully.
By modifying the fermentation conditions and medium composition, CDA activity could be
improved from 80 to 330 and then increased to 530 in total activity/L. broth by using
bioreactor and controlling pH.
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Summary
Chitosan, a polymer of 2-deoxy-2-amino-D-glucose can be chemically prepared by
N-deacetylation of naturally occurring chitin. Partially degraded chitosans have been obtained
by oxidative degradation at ambient temperature. This product can be prepared by oxidative
degradation of 1% chitosan in 1% acetic acid with aqueous 0.1% NaNO, solution. A desired
molecular weight of the product can be obtained by controlling the ratio of nitrite to chitosan.
The molecular weight of the product depends mainly on the ratio of nitrite to chitosan.

The optimal amount/percentage of NaNO, to a particular quantity of chitosan is
discussed. This paper reports the synthesis of partially degraded chitosans at ambient
temperature by oxidative degradation with NaNO,.

Introduction

Chitosan or polyglucosamine is prepared by N-deacetylation of chitin. Chitosan solutions are
viscous aqueous systems. A 1% solution of chitosan is enough to give a viscous solution
(system). Various chemical procedures for preparing chitosan with low molecular weight are
acidic hydrolysis and oxidative degradation with NaNO, or with H,0, [1,2]. Much attention
has been paid to prepare partially hydrolyzed chitosans for increasing the concentration of
chitosan solutions. Concentrated form of chitosan is especially for applications in the field of
food industry, pharmacy and medicine [3]. The partially degraded chitosan can be obtained
either by chemical or enzymatic hydrolysis. It has been reported that nitrous acid reacts with
chitosan causing deamination and depolymerization [4]. The present paper reports the
synthesis of partially degraded chitosans at ambient temperature by oxidative degradation with
NaNO,.

Materials and Methods
Chitin was prepared from shrimp shell in our Laboratory. Chitosan was prepared from chitin
by deacetylation in the Laboratory (see chart, p. 64). The molecular weight was from 2 x 10°
to 3 x 10°. All other chemicals used were of reagent grade. Chitosan was dissolved in 1%
aqueous acetic acid solution to prepare a 1% solution of chitosan (w/v). The oxidative
degradation of chitosan in solution by aqueous 0.1% NaNO, solution with a ratio of nitrite to
chitosan 1:10 to 1:100 was performed for a period of 1 to 7 hrs. The reaction was carried out
at room temperature (29+1°C).

The viscosity of chitosan samples in acetic acid solution were measured using a digital
viscometer (Brookfield Model DV - II) at 25°C. The viscosity of chitosan sample solutions
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Fig 1. A schematic representation of the preparation of low molecular weight

chitosan by oxidative degradation.

- 64 -



were measured with an Ubbelohde Viscometer also. The molecular weight of chitosan was
calculated from the Mark-Houwink equation.

The method for preparing low molecular weight chitosan by oxidative degradation
involves oxidative degradation of chitosan solution with NaNO,, then precipitation with
NaOH. This precipitate has to be filtered, washed and dried. The product will be low
molecular weight chitosan.

The partially degraded chitosans with desired molecular weight were prepared
according to the scheme outlined in Figure 1.

Results and Discussion

The results of the analysis are presented in Table 1 and Figure 2. There was considerable
reduction in the viscosity of chitosan after oxidative degradation which gives low molecular
weight chitosan. The viscosity decreased as the ratio of NaNO, to chitosan increased. Of the
different treatment periods, 5 hrs. treatment was found ideal for oxidative degradation process.
The degree of deacetylation was above 85% for the degraded chitosans after 5 hrs. of
treatment. The oxidative degradation using a nitrite to chitosan ratio of 1:50 decreased the
molecular weight of chitosan from 2 x 10° to 2 x 10°.

Homogenous depolymerization of chitosan can be achieved by oxidative degradation of
chitosan with NaNO,. The amine groups are attacked by the nitrosating species originating
from the nitrous acid and the nitrite is being converted to nitrogen gas, thus the reagent is
conveniently eliminated from the reaction mixture. Oxidative degradation caused by the
reaction of amine groups with NaNO, favours breaking of long chain chitosan molecules to a
shorter length. For each molecule of NaNO, consumed, a chitosan chain was cleaved at one
point by a random stoichiometric cleavage [4,5].

The partially hydrolysed chitosan can be prepared quickly by homogenous oxidative
degradation of chitosan solution with aqueous sodium nitrite solution. The molecular weight
of chitosan can be controlled by varying the amount of NaNOQ, in oxidative degradation. This
type of chitosan permits the preparation of relatively compact forms of product and thus the
transportation costs can be reduced. By oxidative degradation a series of chitosan products of
low molecular weight are obtained which can be used for the preparation of microcapsules
containing living cells, such as red blood cells [6] and animal liver cells [7]. In order to use
chitosan safely in medical fields, the sodium nitrite must be carefully removed.

Acknowledgements: The authors would like to thank The Director, School of Marine
Sciences, Cochin University of Science and Technology, for providing the laboratory facilities.
The authors are also grateful to Alsa Marine Company for providing laboratory facilities.
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Table 1 : Method for preparing low M.W. Chitosan by oxidative degradation
with sodium nitrite

SI | Wt. of |Viscosity of | Ratio 0of 0.1% | Period Wt. of Viscosity of
No.| parent parent NaNO» of oxidatively | Oxidatively
Chitosan| Chitosan soln. to 1% | reaction | degraded degraded
(g) (cps) Chitosan soln.| (hrs) chitosan (g)| Chitosan(cps)

1 10 420 1:100 5 9.9 69 +0.53

2 10 420 1:70 5 9.8 38 +0.52

3 10 420 1:50 5 9.8 32+0.52

4 10 420 1:30 5 9.6 30+0.54

5 10 420 1:10 5 9.6 27+0.53

1:70

Ratio of 0.1% NaNQO, to 1% chitosan

1:50

1:30

1:10

Fig 2 : Method for preparing low M.W. Chitosan by oxidative degradation
with sodium nitrite
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Summary

“Mycoton” is the name of new chitin-containing fibrous materials made of cell walls of the
fungi (Higher Basidiomycetes). Mycoton can be used for wound treatment in the form of a
powder, as a cotton-like material and as a non-woven napkins. The clinical approbation of
Mycoton was carried out in the Center of Liver Surgery and in the Clinic of Department of
Obstetrics and Gynecology of National Medical University in Kiev. Mycoton inhibits the
development of pathogenic bacteria such as Staphylococcus aureus, St. epidermidis, St.
hemoliticus, Escherichia coli, Pseudomonas aeruginosa, Proteus vulgaris. Chitin adsorbs
wound toxins and bacteria. They have hemostatic and anesthetic properties. The important
properties of a new dressing materials are atraumaticity and biodegradability in alive tissues. As
a result Mycoton reduces patient's stay at a hospital for 5-7 days.

Introduction

Cotton-wool, bandages and gauze, being products of natural cellulose fibers from the cotton
plant, are widely employed as a bandaging material. Among other natural materials able to
compete with the cotton plant, chitin has many indices favorable for the use in medicine. There
are a great number of patents on the production of bandaging materials from crustacean chitin.
But the known technologies for the production of fibers from such raw material are rather
complex and expensive.

Fungi are other source of chitin. Known are methods for producing chitin dressing
materials of fungal source (Pat. DE N 2923802, 1979; Pat. GB N 2165865, 1986; Pat. EU N
460774, 1991; Pat. JP NN 04.343762, 1992; 04.300362, 1991). But fungi-producers used for
this purpose and methods of the fungal biomass from lower fungi treatment do not permit
obtaining qualitative materials.

The found approach of this task makes it possible to produce from fungal biomass of
Higher Basidiomycetes the chitin hollow fibres 3-5 mkm in diameter which have good
elasticity and strength both in the humid and dry states (Pat. Russia 2073015, 1997). These
fibers permit obtaining paper-like and nonwoven sheet dressing materials which were named
"Mycoton" [1, 2]. They also may be used as a substitute for cotton-wool and stitching
materials for covering wounds, burns and ulcers. The investigations on laboratory animals and
clinical tests on patients have shown that Mycoton is intoxic and has styptic and analgetic
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properties, inhibit the inflammatory processes, prevent suppuration and accelerate healing of
wounds. These materials are biodegradable in human tissues remaining after wounds no scars
and also have effects similar to tattoo.

Materials and Methods

Chitin-containing materials Mycoton can be used for wound treatment in the form of a powder,
as a cotton-like material and as non-woven napkins. Before applying Mycoton the primary
surgical treatment, necrotomy and toilet of a wound with antiseptic solutions such as 3%
peroxide , furacillin (1:5000) and others with the subsequent drying by gauze tampons were
performed for all patients. Mycoton in the form of a powder and cotton-wool was used as
applications to the wound surface by a thin layer (1-3 mm). Mycoton napkins have thickniss of
0.1 and 0.2 mm. The remedy being fixed with the aseptic gauze bandage. The preparation was
used from the moment of the rise of the purulent process in a wound up to the origin of
granulations. The further treatment of the wound was carried out according to the principles of
purulent surgery.

The clinical approbation of Mycoton was carried out at the Kiev Center of Liver
Surgery in 87 patients aged from 24 to 75 (main group 1) and at the Clinic Department of
Obstetrics and Gynecology of National Medical University in 24 women with traumas of
perineum after child birth (main group 2). The action of Mycoton in treatment of patients of
main groups is compared by all clinical and laboratory indices with the wound process in
patients of similar control groups 1 and 2 which were treated by traditional methods. In control
groups for comparison were used the multicomponent preparations: ointment Levomykol on
the hydrophilic base, 10% ointment Methyluracil on the petrolatum-lanolin base, Vishnevsky
liniment and Dioxidine preparation.

Depending on the etiotropic factor of the origin of wound and its localization all
patients of main and control groups 1 were divided into 6 subgroups:

1 - 19 patients with the traumatic infected wounds of soft tissues;

2 - 14 patients with abscesses and phlegmons of soft tissues;

3 - 13 patients with suppuration of postoperative wound,

4 - 18 patients with chronic venous insufficiency complicated by trophic ulcers and

trombophlebitis of subcutaneous veins of lower extremeties;

5 - 12 patients with obliterating atherosclerosis of lower extremeties complicated by

trophic ulcers of the cruses;

6 - 11 patients with bullous-necrotic forms of erysipelatous inflammation.

The common clinical and laboratory methods were used to study the local and general
therapeutic action of the remedy under hospital conditions. The local application of the remedy
was estimated by studies of the following parameters:

1. Adsorption-detoxication properties of Mycoton in comparison with medical carbon
adsorbents SKN P-1 and SKN P-2.

2. Inoculation of the wound content to determine a degree of wound dissemination
with the pathogenic microflora (Staphylococcus aureus, St. epidermidis, St. hemoliticus,
Escherichia coli, Pseudomonas aeruginosa, Proteus vulgaris).

3. Cytology of wound prints which included:

3.1. Dynamics of the inflammatory process in a wound.
3.2. Periods of epithelization and granulation rise in a wound.
3.3. Periods of complete healing of the wound and preparation to its closure.
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The general clinical and therapeutic effect of Mycoton was estimated in patients by
studies of the clinical and laboratory indices of the functional state of the liver, kidneys,
pancreas, peripheral blood and certain indices of the coagulating blood system.

Results and Discussion

Mycoton has passed tests under the requirements which are shown to dressing materials both
on medicobiological properties, and on physics and chemical parameters. By the index
“Nontoxicity for an organism” Mycoton has received the positive conclusion of
Pharmacological Committee of Ukraine.

According to requirements for surgical cotton-wool, index “Hygroscopicity” should be
no lower than 20 g/g. Under analogous conditions Mycoton has hygroscopicity 20 g of water
per 1 g of dry matter. Index “Capillarity” for cotton-wool should be no less than 75 mm.
Mycoton has capillarity 100 mm.

Index “Traumaticity” of a bandaging material is associated with adhesive properties.
Bandaging material fibres overgrow with renewing tissues. During the removal of cotton-wool
and gauze bandages a part of wound surface tissues is also pulled off together with fibres
having high thickness. That results in secondary traumatization and renewal of bleeding. This
may be the reason of the repeated infection, a sharp rise of treatment periods and of the
additional pain during bandaging. Due to the fact that chitin fibres of Mycoton are considerably
thinner than the cotton plant ones (10 times in a diameter and 100 times in the transversal
section) they readily destroyed on removal from a wound and cause no destruction to the
tissues which have already begun to heal. Thus, Mycoton is atraumatic. This is one of its most
important advantages promoting more rapid healing of wounds and the absence of pains on
removal of bandages. Cotton plant fibres are not able to biodestruction in human tissues. This
demands to remove them obligatory from wounds after their healing, that causes painful
sensation in the patient. As a result scars form at the place of the wound. Mycoton possesses
this valuable property — “Biodegradability”. It completely and without a trace decomposes in
wound tissues, without leaving scars or effects resembling tattoo on the skin.

Cotton-wool fibres have no therapeutic properties. Chitin-containing material Mycoton
has a whole complex of own therapeutic properties. It stops bleeding, anesthetizes wounds,
inhibits the development of main microorganisms which cause suppuration. Besides, chitin and
glucans exert immunomodulating and antitumor activity. Thus, by this index chitin material
Mycoton has important advantages over cotton plant and other bandaging materials.

The important problem at treatment of wounds is the control of the infectious
microflora. Therefore the dressing material should have ability to adsorb bacterial cells and to
suppress their development. Mycoton has these abilities due to a fine fibrous structure and
chemical composition.

The tests of sorption properties of adsorbents were carried out on pure cultures of
microorganisms in a physiological solution. 1 g of adsorbent brought in 10 ml of a solution and
added 0.08 ml of bacteria culture with titer of 10°. Test-tube with a solution was shaked
during 20 minutes. Then adsorbent was separated from a liquid and residual concentration of
microorganisms in a solution was defined. On a difference of concentration percent of bacteria
extraction was expected (Table 1). After five-fold washing of Mycoton only 11.3% of bacteria
were washed off from it.
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Table 1. Ability of different adsorbents to take bacteria from a water suspension

Adsorbent Microorganisms extraction on adsorbents, %
Escherichia Staphylococcus Enterobacter Klebsiella
coli aureus
SKN P1 78.8+0.4 254+03 63.2+0.6 193+0.38
SKN P2 913+0.7 31.5+0.7 882+0.2 334+04
Mycoton 953+0.6 81.7+04 88.6 +0.3 82.4+0.7

In vitro dynamics of the bacteriostatic titre lowering in such pathogenic
microorganisms as St. aureus, E. coli, Ps. aeruginosa demonstrates that Mycoton by its
antibacterial activity is on the average 7 times as high as ointment Levomykol and 49 times as
high as ointment Methyluracil (Table 2a). The similar results are received at a comparison of
Mycoton with Vishnevsky liniment and Dioxidine preparation (Table 2b). It means that
Mycoton surpasses by its activity the main groups of preparations which these ointments
represent.

Table 2a. Antibacterial properties of Mycoton in comparison with other remedies (group 1)

Remedy Bacteriostatic titer, mkg /1

Staphylococcus aureus  Pseudomonas aeruginosa  Escherichia coli
Methyluracil 180.0 40.0 40.0
Levomycol 6.5 6.5 25.0
Mycoton 2.2 2.2 2.2

Table 2b. Antibacterial properties of Mycoton in comparison with other remedies (group 2)

Remedy Bacteriostatic titer, mkg /1
St. aureus St. epidermidis _ Ps. aeruginosa _ Escherichia coli
Vishnevsky 42 18.1 4.7 15.4
liniment
Dioxidine 6.3 20.5 6.1 13.2
Mycoton 2.1 2.1 2.2 23

Clinical data show that in main group 1 there is a tendency to a decrease in the
microbic dissemination of a wound and to disappearance of a such pathogenic flora as St.
aureus, Ps. aeruginosa, P. vulgaris as compared to control group 1. When using the
conventional methods of treatment with ointment Levomykol in patients of the control group
the pathogenic dissemination of wounds remained higher than the "critical" level even on the
7%-10™ day after the beginning of the medicinal action (Table 3a).

At the patients of main and control groups 2 degrees of the microbic dissemination of
wounds studied on the 1st and 3rd day of treatment. Mycoton also has shown higher efficiency
(Table 3b).

A comparative cytological study of wound prints in patients of main and control groups
1 has shown a rapid (on the average 3-6 days) transition from the degenerative-inflammatory
process into the reparative one. That was manifested clinically by disappearance of local
inflammatory reaction in the wound, clearance of the inflammatory region from the excudation
products and tissue inviability.
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Table 3a. A comparative estimation of the microbic dissemination of a wound in patients
after the action by Mycoton (main group 1) and Levomykol (control group 1)

Preparation Degree of wound dissemination, m-o/g
St. aureus Ps. aeruginosa Proteus vulgaris
2" day 7" day 2" day 7"day 2™ day 7" day
Mycoton 10°-10° 10%-10"  10%-107  10°-10'  10%10°  10%10'
Levomykol 10%-10°  10%10* 10°-10°  10%-10°  10%-10°  10%-10°

Table 3b. A comparative estimation of the microbic dissemination of a wound in patients after
the action with Mycoton (main group 2) and Vishnevsky liniment (control group 2)

Prepara- Degree of woumd dissemination, m-o/g
tion St. aureus St. epidermidis Ps. aeruginosa E. coli
1"day 3%day 1%day 3%day 1%day 3"day 1"day 3" day
Mycoton 10%-10° 10%-10' 10%10° 10%10' 10’-10° 10°-10" 10°-10° 10°-10"
Vishnev-
sky lini-  107-10° 10%10° 10%10° 10%10° 107-10° 10%10° 10%-10° 10%-10°
ment

When using Mycoton the periods of wound clearance reduced by 3-5 days as compared
to the control. In patients of all subgroups of control group the processes of wound clearance,
origin of granulations and the beginning of epithelization took place in later periods (Tables 4a,
4b). The general positive clinical effect was observed in most of patients beginning from the 3
day and preserved up to the end of treatment, that evidences for the bactericidal and sorption-
deintoxication properties of Mycoton. The application of Mycoton permitted decreasing (5-7
days) the average number of patient days under hospital conditions.

When studying the general clinical and therapeutic effect of Mycoton it was possible
not only to analyze the general clinical symptomatics arising during local wound infection and
intoxication but also to estimate the functional state of basic organs and systems by the clinical
(Table 5) and laboratory indices.

Table 4a. A comparative effectiveness of Mycoton (main group 1), Levomykol
and Methyluracil (control group 1) on treatment of purulent wounds

Assessment criterion Average term of manifestation, days P
Mycoton Levomycol  Methyluracil

Hyperemia and edema 27+04 31+02 4.1+0.2 0.1
reduction

Necrolysis 35+0.7 44+0.5 64+03 0.1
Granulation of a wound 41+02 63+14 77+13 0.1
Beginning of a wound 56+03 89+13 92+1.2 0.1
Epithelization

Average days of recovery 6.9+0.9 123 +0.3 144+0.7 0.1
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Table 4b. A comparative effectiveness of Mycoton (main group 2), Vishnevsky
liniment and Dioxidine (control group 2) on treatment of purulent wounds

Assessment criterion Average term of manifestation, days P

Mycoton Vishnevsky Dioxidine

liniment preparation

Hyperemia and edema 1.1+0.6 29+0.6 27+0.6 0.1
reduction
Necrolysis 1.9+04 3.5+07 39+03 0.1
Granulation of a wound 28+04 47+0.6 53+02 0.1
Beginning of a wound
epithelization 35+03 53+0.1 6.0+04 0.1

Table 5. Dynamics of changes in certain clinical symptoms 7 days after application of
preparation Mycoton (main group 1)

Clinical symptom Degree of changes, %

Reduction  Disappearance  Without changes Improvement
Body higher temperature 23 77 - -
General weakness 73 16 11 -
Allergy - - - -
Improvement of a general
condition - - 24 76

To estimate more reliably the therapeutic effect of Mycoton we have studied the
clinical and laboratory indices of the functional state of the liver, kidneys, pancreas, peripheral
blood, certain indices of the coagulating blood system in patients of subgroup 3 of main and
control groups 1. The analysis of experimental data has shown that Mycoton exerts no
essential influence on biochemical indices of life-important organs and system of an organism
when using it as a wound-healing remedy [3]. It has no toxic effects on the life-important
organs and systems.

The results of clinical approval of Mycoton on patients with different wounds
(suppuration of a wound, trophic ulcers, phlegmons, abscesses of different localization) have
shown its high clinical effectiveness. It manifested in a significant decrease of intoxication,
characters of local inflammation and in positive dynamics of the clinical and laboratory indices.
The application therapy with Mycoton lowers significantly dissemination in a wound to the
minimal level (10%-10° m-o/g), accelerates the transition of the hydration phase into the
dehydration one. The latter reduces patient's stay at a hospital for 5-7 days and also prevents
the development of possible pyoseptic complications.

Mycoton represents new generation of effective dressing chitin-containing materials. It
surpasses known materials in many unique properties valuable to medicine. This makes
Mycoton promising for a wide use.
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Summary

Plants infected with a necrotic pathogen often develop long lasting resistance against broad
range pathogen infections, called systemic acquired resistance (SAR). Nevertheless,
naturally induced SAR occurs rarely in nature, is not predictable in timing and level of the
expression therefore, it can not be used for crop protection in practice. Numerous studies
have shown that an external application of various compounds can mimic biological SAR.
To this group belong, among others, salicylates, fatty acids, jasmonates, benzothiadiazole
(the first commercial resistance inducer) etc. There are only few reports on resistance
responses induced by natural elicitors such as B-1,3-glucan and chitosan. We compared
activity of benzothiadiazole (Bion) and chitosans: chitosan acetate, microcrystalline chitosan
and chitosan oligomers in induction of resistsance. Chitosan induce broad spectrum of
resistance in plants. Chitosan contrary to Bion can act dually: i) by blocking of the first
steps of the infection and ii) by SAR induction. Bion does not affect pathogen directly but
induces SAR only. SAR induced by chitosan is host dependent. Both, chitosan forms and
Bion induce SAR with different kinetics and probably via different signal transduction
pathways. Chitosan, harmless to human and the environment offers a great potential for
ecological farming practice.

Intreduction

Plants possess various defense mechanisms against pathogens including both, stable and
inducible ones. Pathogens induce natural resistance responses, particularly the phenomena
of localized acquired resistance and systemic acquired resistance (SAR). Induction of SAR
can be achieved also by treatment (immunization) of plants with natural and synthetic
compounds. Conceptually, induced resistance is reminiscent of the immunization system
found in animals. Synthetic compounds such as benzothiadiazole (BTH), analog of salicylic
acid, have produced resistance to broad spectrum of pathogens and is the first commercially
applied chemical plant defense activator [1]. Natural products such as f8-1,3-glucan [2] and
chitosan also induce resistance in plants to pathogen infections. Treatment of plants with
chitosans protects them against fungi, bacteria, viruses and viroids [3,4,5,6]. We present a
comparison of the ability of selected forms of chitosan and benzothiadiazole (BTH) in the
induction of resistance in plants.
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Materials and Methods

In our experiments following products were used: standard chitosan (flakes, MW = 150000,
DA = 15%), microcrystalline chitosan (hydrogel, MW = 160000, DA = 20%), chitosan
oligomers and BTH (Bion, Novartis). To obtain chitosan acetate, flakes of chitosan were
dissolved in diluted acetic acid and pH of the solution was adjusted to 5.5 — 5.7 with IN
KOH. The hydrogel of microcrystalline chitosan (MCCh) was suspended in water by
homogenizaton. Chitosan oligomers were obtained by degradation of standard chitosan by
fungus Aspergillus fumigatus according to the method described previously {7] and
analyzed by HPLC [8]. Bion in granulated form was suspended in water.

Most of experiments were performed using an Alfalfa mosaic virus (AIMV) and a
Tobacco mosaic virus (TMV) both causing local necrotic lesions in bean and tomato plants,
respectively. Another model was also used i.e. tomato plants and bacteria Pseudomonas
syringe pv. tomato. Young plants were treated protectively with chitosan forms or Bion at
various intervals between treatment and pathogen inoculation. Induction of SAR was
checked by challenge of treated plants with pathogens and was calculated as the percentage
of the reduction of the number of lesions produced by pathogen on treated leaves in
comparison to non-treated ones (control). Experiments were carried out under greenhouse
conditions at 20-25°C. An effect of products on growth of bacteria in vitro was determined
by minimum inhibitory concentration (MIC) tests [5].

Results and Discussion
Optimization of the activator concentration causing immunization of plants to induce the
systemic acquired resistance (SAR) needed definition of the highest concentration of the
preparation which does not cause phytotoxicity. In the case of chitosan acetate in solution
this effect was observed for concentrations ranged between 0.3 - 0.5%, and depended on
plant species and conditions of experiment. Bean and cucumber plants were more sensitive
than tobacco so, high temperature and strong sun exposure made plants more sensitive for
chitosan. Microcrystalline chitosan and chitosan oligomers in concentration 0.5% showed
week phytotoxicity. On the other hand 0.01% Bion demonstrated high phytotoxicity for all
plants tested. Taking above observations and efectivity of preparations into consideration,
we used 0.1% chitosan forms and 0.01% Bion solutions for induction of resistance in plant.

Classic inducers of SAR do not act directly on pathogen but activate metabolism of
plant so, infection is more difficult and even when happened, progress and mobility of
pathogen are limited. Direct influence of chitosans and Bion on viruses and their infectivity
were tested via inoculation of plants with the mixture of both, inducer and pathogen.

Chitosan acetate in 0.01% solution added to AIMV inhibited the virus infection
completely (Table 1). Microcrystalline chitosan and chitosan oligomers inhibited the
infection on the lower level. However, Bion did not act at above conditions. Differences in
properties of chitosan forms and Bion may be explained in two ways: chitosan in the
presence of the virus inhibits its infectivity and/or the first steps of viral infection. The first
presumption is excluded by the fact that when bean and tobacco were inoculated with the
mixture of TMV and chitosan, in the first case total inhibition was observed contrary to
second one. This is an evidence that chitosan does not affect virus directly and its
infectivity.

According to above, an inhibition of the local infection of bean bases on the effect of
chitosan on the first steps of infection, e.g. absorption of the virus to the cell wall what is
necessary for infection. When virus particles were removed from milieu of chitosan by e.g.
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high - speed centrifugation through the layer of saccharose did not show infectivity. We
think that virus particles were firmly surrounded by the polycation what made its contact
with cell wall impossible. Other properties of chitosan also came out. They can be defined
as specificity to the species of plant. This host specificity can derive, in some aspects, from a
compatibility or noncompatibility of cell wall and chitosan chemistry.

Table 1.  Effect of chitosan forms and Bion on Alfalfa mosaic virus (AIMV) and Tobacco
mosaic virus (TMV)

Treatment Inhibition of lesions production (%)
Bean Tobacco
AIMV
in 0.01% chitosan acetate 100
in 0.01% MCCh 98.5
in 0.01% ch. oligomers 95.0
in 0.01% Bion 0
™V
in 0.01% chitosan acetate 100 0
in 0.01% MCCh 100 0
in 0.01% ch.oligomers 100 76
in 0.01% Bion 0 0
V' Plants were inoculated with mixtures of viruses and preparations
0 - no inhibition
MCCh - microcrystalline chitosan

ch. oligomers - chitosan oligomers

In the case of bean compatibility can be manifested by strong and easy binding to the
cell wall what results in mechanical blocking of infection and, on the other hand, by
induction of SAR. Weak efficiency of SAR induction in tobacco can be explained by lack of
similar affinity between chitosan and plant. It is worthy of note that this trouble can be
eliminated or limited by use of chitosan oligomers. Chitosan oligomers contrary to chitosan
acetate induced resistance in tobacco plants [7].

When leaves of bean were sprayed with chitosan acetate solution and MCCh
suspension followed by daily inoculation with virus, from the first and several next days
bean leaves were protected against infection in almost 100% (Table 2). In the case of Bion
the level of induction of the virus infection increased day by day and 7 days after treatment
reached the maximum. This type of dynamics is characteristic for SAR induction. Results
for chitosan forms presented in Table 2 are significantly different from that obtained for
Bion. It can be explained by forming of chitosan film on bean leaves. When leaves are
mechanically inoculated, chitosan and virus enter together scratched wall and chitosan acts
similar to one added to the inoculum i.e., it blocks absorption of virus by cell wall.

When, during mechanical inoculation, conditions did not allow for contact of virus
with chitosan what was reached by treatment of bottom side of leaf and infection of upper
one viral infection was also inhibited showing defined dynamics. Maximum of such
inhibition was observed after 2 — 3 days after treatment and than slowly decreased
(Table 3). Dynamics of induction of SAR by chitosan and Bion are therefore different.
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Table 2.  Effects of chitosan forms and Bion on the production of local lesions by Alfalfa
mosaic virus on bean leaves.

Interval between
treatment and Inhibition of lesions production (%)
inoculation (days)

Chitosan MCCh Bion
0.1% 0.01% 0.1% 0.01% 0.01%

1 100 100 100 63.5 32.0
2 100 99.9 99.5 70.5 395
3 100 100 99.5 65.5 59.5
4 100 99.5 100 55.5 74.5
5 100 99.5 99.0 60.0 92.8
7 100 99.0 99.5 58.5 96.5

Table 3. Induction of resistance by chitosan acetate and microcrystalline chitosan against
Alfalfa mosaic virus in non-treated parts of the treated bean leaves

Interval between treatment Inhibition of lesions production (%)
and inoculation (days)
Chitosan MCCh
1 90.5 52.5
2 93.0 85.0
3 75.5 70.0
4 60.5 58.0
5 55.5 50.5

Therefore we conclude that antiviral activity of chitosan in leaves treated followed
by mechanical inoculation can be realized in two ways: i) via direct blocking of first steps of
infection; ii) via induction of systemic resistance. It can be important in the case of viruses
and viroids, transmitted in the nature only mechanically.

Both, chitosan acetate and Bion induce resistance not only in leaves treated but also
away from them, systemically. After treatment with these preparations the new leaves which
were not developed at the time of treatment and did not receive or receive low dose of
product became resistant to viruses in 60% - 90%. Similar results however, but at the lower
level, were obtained using microcrystaline chitosan and chitosan oligomers.

Natural SAR induced by pathogens is directed against wide broad spectrum of
various pathogens and appears in wide range of plant species. SAR induced by chitosan and
Bion has similar properties but in some aspects is different as was shown in the case of virus
— bean and virus — tobacco. Also in the case of phytopathogenic bacteria which infects
plants in different way than viruses similar problems were observed. As it arises from Table
4 chitosan in solution after long lasting treatment (24 h) of bacteria Pseudomonas syringe
pv. tomato (PSt) inhibited their growth in vitro. For short time (2 h) their inhibition in
environment is limited to reduction of activity only. Microcrystalline chitosan and chitosan
oligomers like Bion did not inhibit the growth of bacteria. It is most essential that chitosans
induce resistance in tomato at similar level as Bion (Table 4).
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Table 4. Effects of chitosan forms and Bion on bacteria Pseudomonas syringe pv.
tomato (PSt)

Product Growth of bacteria in Inhibition
vitro (MIC) " of infection (%) ?
Chitosan acetate 0.1 75.0
MCCh 0.5) 60.0
Chitosan oligomers (1.0) 65.0
Bion (0.5) 80.0

Y The lowest concentration of product that inhibited the growth of bacteria.
Ineffectivness at the concentration used is presented in parentheses

D Three days before infection tomato plants were sprayed with 0.1% chitosans or 0.01%
Bion

Induction of SAR occurs via mechanisms where, through various signal pathways,
systems of resistance genes are run. Chitosan induces among others synthesis and
accumulation of endogenous salicylic acid (SA) and pathogenesis related proteins (PR) [9].
We studied an influence of chitosans and Bion on the level of peroxidase activity in bean
leaves. All chitosan forms tested contrary to Bion caused significant increase of the level of
peroxidase activity. Chitosan in solution was the most effective (data not shown).
Peroxidase is involved in lignification processes what was manifested by secondary
thickening of cell walls in cells of bean treated with chitosan [10].

Chitosan represents a novel disease control compound that activates the plant
inherent disease control mechanisms. SAR induced by chitosan acts against broad spectrum
of pathogens. Antiviral activity of chitosan forms can be manifested in two ways: i) by
inhibition of the first steps of infection and/or ii) by induction of the systemic resistance to
virus infection. Chitosan oligomers applied to the tobacco plants gave significantly higher
level of SAR that original polysaccharide. These results demonstrate: i) that SAR induced
by chitosan is host dependent, and ii) the importance of elicitor formulation when
considering the potential to the control of plant diseases. It is worthy of note that
microcrystalline chitosan in water suspension has different properties than dissolved in acid
one but showed similar biological activity. Bion, the first commercial resistance activator
and chitosan induce SAR with different kinetics, may be due to different signal transduction
pathway involved in SAR induction. Chitosan is harmless to human and offers a great
potential in crop protection strategies, oriented towards efficacy and protection of the
environment.
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Application of chitosan on the keeping quality of cut flowers
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Abstract

Chitosan has antimicrobial function, and it also can inhibit the synthesis of ethylene. For these
reasons, acid and water soluble B-chitosan with different degrees of deacetylation (DD) were
used in preserving cut flowers, and the effects of these treatments on the cut flowers were
studied.

The senescence of gladiolus cut flowers was not very sensitive to ethylene, nor did acid
soluble or water soluble chitosan affect the vase life of cut flowers. However water soluble
chitosan improved the pedicle bending and raise the total number of bloomed florets; and at the
same time, it increased the diameter of the third florets. The optimal dosage was 20 ppm of water
soluble chitosan with >90% DD.

For carnation, the osmotic pressure caused by high concentration of chitosan decreased
the rate of water uptake and the fresh weight of cut flowers, but the vase life of flowers were
prolonged 8 to 9 days and the improvement of percentage of sleepiness were prominent by using
acid soluble chitosan with 80-90% DD. It also softened the pedicle though, and this was an
undesirable side effect.

Introduction

Chitosans has antifungal function and can also prevent plants from insect attacks. When chitin
and chitosan come in contact with plants, they stimulate the secretion of chitinase or chitosanase
in the host cells, which decompose chitin and chitosan in the insects and microbes and kill them.
The enzymes decompose them into bioactive chitooligosaccharide, and this stimulates plants to
produce phenol compounds. These materials are also effective in depressing the growth of
microbes, besides being harmful to insects [1].

Chitosan is widely applied in agriculture, especially for the post-harvest handling of kiwi
and strawberries [2,3].

Many researches concerning the keeping qualities of cut flowers by chemical
preservatives were reported [4-7], but it seems difficult to keep the glality of cut flowers by a
single chemical preservative. In general, the preservatives that keep the quality of cut flowers are
mainly composed of bactericides, anti-ethylene agents, and metabolizing substances.

In this research, the objective was to observe if chitosan could be used to inhibit ethylene
formation and to delay senescence and thereby to prolong the vase life of cut flowers.
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Materials and Methods

B-Chitin which was locally produced was used. Gladiolus. the bud stage “Pink Giant” was
purchased from the local wholesale market. Miniature carnation: the bud stage Dianthus
caryophyllus L. carnation was obtained at a wholesale market.

Chitosan: the sheath of cuttlefish was dried and ground to pass a 120 mesh screen before

use. B-chitin was treated with aqueous 45% (w/v) NaOH solution under heterogeneous
condition at 55°C and B-chitosans with different degrees of deacetylation (DD: 60-70, 70-80,
80-90, and >90%) were obtained after different periods of reaction time.
Water soluble chitosans: chitosans with DD 80-90 and >90% were resolved in 0.2 M acetic acid
and made into 1.4% chitosan solution. Then they were immersed in an ice bath and ultrasonic
degradation was conducted for 12 hours at 10 W by sonicator (Sonicator Vc-20T, Sonics, Inc.)
then filtered through a 0.45 um filter. Finally, dialysis was conducted by a MW 12-14,000 tube to
remove any salts or ions left, and then freeze dried to improve the solubility of chitosan in
distilled water.

Cut flowers. Gladiolus: they were originally 100-110 cm in length, later cut to 85 cm,
leaving 3-4 leaves and 12-16 florets and placed in glass jars containing 500 ml of acid or water
soluble chitosan solution. Each treatment was tested on 3 samples.Carnation: they were
originally about 60cm in length, later cut to 45 cm, leaving 2-3 leaves and S florets. The
measurements were the same as the gladiolus flowers.

Measurement of water balance:

(1) Rate of water uptake (mg/g FW/day) = (wt. of the day before — wt. of that day) x
1000/days/FW of that day (FW: fresh weight)

(2) Changes in fresh weights (%) = (wt. of that day — wt. of the day before) x 100/days/wt. of the
first day

Measurement of vase quality:

(1) Vase life: Gladiolus: the day when 4 flowers wilted was recorded. Carnation: the 2nd day

when the flowers started to shrink was recorded.

(2) Diameter of flowers: Gladiolus: the 3rd largest floret was measured. Carnation: the largest

flower was measured.

(3) Number of blooming flowers: the numbers of flowers at the 3rd day, and at the last day of the
test were recorded.

(4) Bending percentage: the day when the angle of bent neck exceeded 90° was counted.

(5) Sleepiness: the day when the petals of the carnation flowers were curled by ethylene was
recorded.

Results and Discussion

A. Preparation of chitosans: After treating B-chitin with 45% NaOH at 55°C for 2 to 6 hours, and
the antifungal effect of chitosan would decrease with the decrease of DD, so chitosans with
60-70, 70-80, 80-90 and >90% DD were obtained.

B. Application to gladiolus cut flowers

a.  Effects of pH values: As shown in Fig.1 and 2, the rate of water uptake and fresh weight
were most significant at pH 6. Water balance was the most common reason for termination of
vase life for cut flowers, and the water potential of cut flowers declined with time as well as water
uptake, water loss and water conductivity in the flower stem. The solution under pH 5 could not
maintain the water balance of cut flowers, and all the articles tested were more significant at
pH 6 (Table 1).
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Figure 1. Effect of different pH value treatments on the rate of water uptake of cut gladiolus

flowers.
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Figure 2. Effect of different pH value on the fresh weight changes of cut gladiolus flowers.

Table 1.  Effect of different pH value treatments on the vase life, total florets opened and
bending percentage of cut gladiolus flowers.

Vase life Total no. Bending
Treatment (days) florets opened percentage

per spike % of max. (%)
pH6.0 8.00" 7.67* 42 33°
pHS.5 7.33% 6.67" 41* 33°
pH5.0 7.00° 5.33% 30° 67"
pH4.5 6.00° 3.33¢ 17° 100°
pH4.0 567 3.67% 20™ 100*
pH3.5 5.00% 2.00° 11° 100*
pH3.0 433° 2.67° 16° 100°

*Means with the same letter on the same column were not significant difference (p<0.05) by
Duncan’s Multiple Range Test (DMRT)
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b.  Effect of DD: The effects of DD on the water uptake for gladiolus cut flowers are shown in
Fig. 3 and all chitosans with different DD could stimulate the uptake on the first day. Chitosan
with DD > 90% could maintain water balance better than other DD and the control, because the
higher the DD, the better the antifungal effect. The growth of microorganism in the vessel
contributed to a progressive impairment of the water conducting system. But this is not the sole
reason, since the phenomenon was observed also in sterilized water. Fig. 4 shows the effects on
the change of fresh weights; all the test flowers lost weight after the second day. As chitosan is a
polyelectrolyte, it is positively charged and might react with the negatively charged sites of the
vessel of the cut flowers, which might have caused the vascular blockage.

Chitosans were not effective in prolonging the vase life of flowers. Even though chitosans
had an antifungal function, its polypositive charges decreased the fresh weight of cut flowers.
However, the higher the DD, the higher the diameter of the florets (Fig. 4). Periods of rapid
expansion of cut roses were accompanied by decreased in starch and increase in soluble sugars in
the petals, but the osmotic pressure gradients were decreased. Chitosans could also stimulate
florets to bloom earlier, and increase the number of blooming flowers, for example, the treated
cut flowers had 4-5 florets on the third day, while the control had only 1-2 florets. Woltering and
Van Doorn reported that treatment with ethylene for 24 hours revealed little to no sensitivity as
indicated by slight acceleration of petal wilting [8]. Several polyamines like AOA
(o-aminooxyacetic  acid) had  anti-senescence  properties by inhibiting ACC
(1-amino-cyclopropane carboxylate) synthase, a key enzyme in ethylene biosynthesis from
methionine [9]. In this study, chitosan might have inhibited the synthesis of ethylene with its
amino groups, and thus improved the keeping quality of cut flowers.

c. Effects of concentration: The acid soluble chitosan with DD > 90% was used here, and the
higher the concentration of chitosan, the lower the rate of water uptake in cut flowers; but only
the sample with 20 ppm showed that water uptake exceeded the control one (Fig. 5).

As for fresh weights, as the concentration increased, the fresh weights decreased. This was
more apparent for those concentrations higher than 60 ppm (Fig. 6). Because the higher the
concentration, the more the positive charges the vascular blockage would be more serious.

The effects of acid soluble chitosan with DD >90% are shown in Table 3. The senescence of
gladiolus cut flowers had low sensitivity to ethylene, even though chitosan could inhibit the
synthesis of ethylene. So the concentration of chitosan had no significant effects on the vase life
and diameter of the 3 rd floret, whereas it could stimulate the development of florets; so that the
total numbers bloomed were quite different.

d.  Water soluble chitosan: Water soluble chitosan with DD >90% was used in comparison
with that of the acid soluble one. The trend of water uptake was almost the same as the acid
soluble one (Fig. 7). As for the change in fresh weights, both of them had the same results, but
water soluble chitosan showed better keeping of fresh weight than that of the acid soluble one
(Fig. 8).

As water soluble chitosan has lower positive charges than the acid soluble one, it had less
effect on the transportation of water in tissues and also a lower ability to depress ethylene
biosynthesis. Due to these reasons, the vase life of the flowers was extended 2 more days. As for
the bloomed florets, the water soluble chitosan made as many as 11-12 florets bloom, but the acid
soluble one had only 6-8 florets (Table 4).

C. Application to cut carnation

Effects of DD: As shown in Fig.9 and 10, the acid soluble chitosan with different DD had less
effect on the rate of water uptake and fresh weights. On the other hand, qualities such as vase life,
the diameter of florets, and percentage of sleepiness were improved, but there were few
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differences among those with different DD (Table S). As the results show, the rate of water
uptake and the fresh weight decreased because the growth of microorganism contribute to the
vascular blockage, not because its positive charge reacted with the negatively charged sites of the

vessel in cut flowers.

Rate of water

O
o
L
Tttt

—e— control
—&— DD60-70%
—&— DD70-80%
—»—DD80-90%
—%—DD>90%

0 t t t 1
0 1 2 3 4 5

uptake(mg/gFW/day)
oo
Y=

Days after treatment

Figure 3. Effect of the acid soluble chitosan with various degree of deacetylation on the rate of
water uptake of cut gladiolus flowers. *DD: degree of deacetylation

3,5
2,5 +

Fresh weight change(%)

Days after treatment

—e&— control
—&— DD60-70%
—a— DD70-80%
—»— DD80-90%
—3—DD>90%

Figure 4. Effect of the acid soluble chitosan with various degree of deacetyiation on the fresh
weight changes of cut gladiolus flowers. *DD: degree of deacetylation

Table 2. Effect of the acid soluble chitosan with various degree of deacetylation on the opening
of florets, vase life, floret diameter and total florets opened of cut gladiolus flowers.

reatmene | VASClife  3rd floret I:“f‘;’e‘;
atme (days)  diameter(mm) pened o

Total no.
florets opened

3rd day per spike  %of max.
control 6.00" 71.67" 1.33° 3.67° 25
DD™60-70%  5.00% 72.33% 1.00° 6.00" 40
DD70-80% 4.67° 69.00° 4.00" 6.00" 39°
DD80-90% 5.00% 77.00® 5.00° 5.67% 36
DD>90% 6.00* 84.33° 467 6.33% 40°*

*Means with the same letter on the same column were not significant difference (p<0.05) by
Duncan’s Multiple Range Test (DMRT) “DD: degree of deacetylation
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Figure S.
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Effect of >90% degree of deacetylation acid soluble chitosan with various
concentration on the rate of water uptake of cut gladiolus flowers. *CC:
concentration of chitosan
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Figure 6. Effect of >90% degree of deacetylation acid soluble chitosan with various
concentration on the fresh weight changes of cut gladiolus flowers. *CC:
concentration of chitosan

Table 3. Effect of >90% degree of deacetylation acid soluble chitosan with various
concentration on the opening of florets, vase life, floret diameter and total florets
opened of cut gladiolus flowers.

Vaselife  3rd floret No. florets Total no,

Treatment (days)  diameter(mm) opened on florets opened

3rd day per spike  %of max.
control  6.00%* 71.67° 1.33° 3.67° 25°
20ppm  6.00° 84.33" 467 6.33" 40*
40ppm 5.00° 70.67° 3.67" 6.00" 37%
60ppm  5.00° 72.00° 4.67° 6.00™ 38*
80ppm  5.00° 77.00° 4.00° 6.33* 37
100ppm  5.33% 81.00° 433 8.00° 43*

*Means with the same letter on the same column were not significant difference (p<0.05) by

Duncan’s

Multiple Range Test (DMRT)
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Figure 7.

Figure 8.
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Effect of >90% degree of deacetylation water soluble chitosan with various
concentration on the rate of water uptake of cut gladiolus flowers.
*CC: concentration of chitosan
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Effect of >90% degree of deacetylation water soluble chitosan with various
concentration on the fresh weight changes of cut gladiolus flowers. *CC:
concentration of chitosan.

Table 4. Effect of degree of deacetylation >90% water soluble chitosan with various
concentration on the opening florets, vase life, floret diameter and total florets
opened of cut gladiolus flowers

Vase life 3rd floret No. florets Total no.
Treatment (days)  diameter(mm) opened on ﬂo.rets opened
3rd day per spike  %of max.
control  7.33" 77.00° 0.67* 6.33° 35"
20ppm 8.00 94.67 1.67 11.67° 82*
40ppm 8.00* 94.00* 1.67* 10.33* 78"
60ppm 7.67" 91.67° 1.33° 11.00* 68"
80ppm 7.33 86.00" 1.00* 10.67* 70*
100ppm  7.00° 81.00™ 0.67" 10.67* 67"

*Means with the same letter on the same column were not significant difference (p<0.05) by
Duncan’s Multiple Range Test (DMRT)
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(a) (®

Figure 9. Effect of >90% degree of deacetylation water soluble chitosan on the keeping quality
of gladiolus cut flowers. (a) >90% degree of deacetylation water soluble chitosan,
20 ppm, (b) distilled water.
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Figure 10. Effect of the acid soluble chitosan with various degree of deacetylation on the rate of
water uptake of cut carnation flowers. *DD: degree of deacetylation.
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Figure 11. Effect of the acid soluble chitosan with various degree of deacetylation on the fresh
weight changes of cut carnation flowers. *DD: degree of deacetylation.
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Table 5.  Effect of the acid soluble chitosan with various degree of deacetylation on the
opening of florets, vase life, floret diameter and total florets opened of cut carnation

flowers
Treatment V(ZS:ylsl;e I&?;ieestte?(?n\ﬁg %of Sleepiness
control 7.00°" 51.67° 100.00°*
DD""60-70% 9.67° 57.33* 66.67°
DD70-80% 10.00* 57.00° 66.67°
DD80-90% 10.33 61.00* 26.67°
DD>90% 9.67* 59.67* 33.33°

*Means with the same letter on the same column were not significant difference (p<0.05) by
Duncan’s Multiple Range Test (DMRT) “"DD: degree of deacetylation

a. Effects of concentration: There were no significant differences among such indicators as
vase life, the diameter of flowers, and the percentage of sleepiness with chitosan with >90% DD.
Therefore acid soluble chitosan with 80-90% DD was used in this experiment, since it was easier
to prepare. As Fig. 11 shows, while the concentration of chitosan increased, the water uptake
increased as well; but after it reached 100 ppm, the uptake decreased, because of its osmotic
pressure.

The same phenomenon was observed for the fresh weights (Fig. 12).

Table 6 shows the effects on the quality. Chitosan might delay the senescence process of cut
flowers. When the concentration was 80 ppm, the vase life of the flowers were 15 days, an
extension of 8 more days. On the other hand, it also improved the sleepiness and diameter of the
flowers. The senescence of carnation cut flowers had high sensitivity to ethylene that induced
sleepiness, and terminated the vase life of these bloomed flowers and could shorten the life of the

flowers.
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Figure 12. Effect of 80-90% degree of deacetylation acid soluble chitosan with various
concentration on the rate of water uptake of cut carnation flowers. *CC:

concentration of chitosan.
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Figure 13. Effect of 80-90% degree of deacetylation acid soluble chitosan with various
concentration on the fresh weight changes of cut carnation flowers. *CC:
concentration of chitosan

Table 6. Effect of 80-90% degree of deacetylation acid soluble chitosan with various
concentration on the opening of florets, vase life, floret diameter and total florets
opened of cut carnation flowers

Vase life Largest flower

Treatment (days) diameter(mm) %of Sleepiness
control 7.00° 51.67° 100.00*
20ppm 10.33¢ 61.00* 26.67°
40ppm 12.00° 61.33* 6.67°
60ppm 13.33° 61.67* 0.00°
80ppm 15.33* 63.00* 0.00°
100ppm 14.67" 62.67" 0.00°

*Means with the same letter on the same column were not significant difference (p<0.05) by
Duncan’s Multiple Range Test (DMRT)

®@
Figure 14.  Effect of 80-90% degree of deacetylation acid soluble chitosan on the keeping
quality of cut carnation flowers. (a) 80-90% degree of deacetylation acid soluble
chitosan, 80 ppm; (b) distilled water.

c.  Water soluble chitosan with 80-90% DD was used in this experiment. Although several
concentrations of chitosan were tried, none of them could improve the water uptake and fresh

- 90 -



weights. While when 60 ppm chitosan was applied, the decline of both water uptake and fresh
weights were improved (Fig. 14 and 15), and there were more significant differences among such
indicators as vase life, the diameter of the flowers and the percentage of sleepiness compared to
the control (Table 7). The results of sleepiness shows that water soluble chitosan’s ability to
inhibit the synthesis of ethylene of was decreased.
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Figure 15. Effect of 80-90% degree of deacetylation water soluble chitosan with various
concentration on the rate of water uptake of cut carnation flowers. *CC:
concentration of chitosan
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Figure 16. Effect of 80-90% degree of deacetylation water soluble chitosan with various
concentration on the fresh weight changes of cut carnation flowers. *CC:
concentration of chitosan.

Conclusions
Chitosans with different degrees of deacetylation were prepared, and that with 60-70% DD was
made with 45% NaOH solution at 55°C for 2 hours, while that with 80-90% DD was made under
the same condition but for 4 hours.

Two representative flowers, namely gladiolus and carnation, were used to observe the
effects of chitosans on keeping qualities of cut flowers.
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Table 7.  Effect of degree of deacetylation 80-90% water soluble chitosan with various

concentration on the opening of florets, vase life, floret diameter and total florets
opened of cut carnation flowers

Treatment Vase life (days)  Largest flower diameter(mm) % of Sleepiness
control 5.33% 47.33° 100.00*
20ppm 8.67° 53.67° 86.67°
40ppm 8.67° 54.67° 73.33%®
60ppm 10.67* 63.33* 60.00°
80ppm 7.33%® 51.33" 66.67°
100ppm 6.67° 48.33° 80.00*

*Means with the same letter on the same column were not significant difference (p<0.05) by
Duncan’s Multiple Range Test (DMRT)

Gladiolus: They were not sensitive to ethylene; therefore, even though chitosan might

depress the formation of ethylene, it could not delay their senescence process. When chitosan
with >90% DD was applied, the concentration of 20 ppm could increase the blooming of floret
buds from 6 to 12, and the ratio of blooming florets increased from 35 to 82%, and the largest
diameter of florets increased from 77 mm to 95 mm.

Carnation: At the concentration of 80 ppm, chitosan with 80-90%DD could extend vase life

to 8-9 days. Water soluble chitosan also showed effects on the extension of vase life and
decreased the percentage of sleepiness, but it was not so significant in comparison to the acid
soluble one.
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SUMMARY

Chitosans from different sources and with different preparation methods were obtained. The
molecular weight and deacetylation degree for each one were determined. Chitosan films
were obtained and their thickness were tested. These films were used as a support of cell
cultures. The results show a cell growth depending on the characteristics and the source of
chitosan.

INTRODUCTION

Chitin is, as it is well known, a structural polymer found in insects, crustaceans and cell walls
of fungi. It is considered to be the second or third most abundant natural polymer after
cellulose (and possibly lignin). The biopolymer used in our work is chitosan, which is
obtained by N-deacetylation of chitin. Chitosan is a linear polymer of [B-1,4-linked
glucosamine units, and the primary amine functionality at position 2 provides interesting
properties to this polymer.

The natural sources and the procedure of preparation supply chitosan with different
characteristics such as degree of deacetylation, molecular weight, microscopical structure, etc.
These properties must be considered depending on its subsequent applications.

The development of films compatible with cell attachment and growth is a major goal of
biomaterial research. Films to which cells can easily be attached will have a wide application
as cell culture substrates and tissue substitutes. In general, as cells have a predominantly
negative charge on their surfaces, they are known to adhere much more strongly to substrates
with acidic and/or neutral groups [1]. Chitosan is a natural product and biologically
compatible, so it can be used as substrate with basic groups.

Several authors reported that epithelial cells grow on films of chitosan [2] and fibroblast cells
on collagen-chitosan blended films [3].

The purpose of the present report is to evaluate the behaviour of different chitosan films as a
support of cell cultures and to test the influence of source and method of chitosan preparation
on cell growth.
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Materials and Methods

Chitin was obtained from crustacean shells of different sources including Cuban lobster
(Polinurus vulgaris), and prawns (Penaeus caramote and Pleoticus miilleri).

Commercially available chitin was purchased from Sigma, while hydrochloric acid, sodium
hydroxide and acetone were supplied by Merck.

Isolation of chitin: The procedure used to isolate chitin was a modified version of a
previously reported one [2].

Preparation of chitosan: We have obtained chitosan by three different methods:
a)Homogeneous hydrolysis. The chitin obtained was brought into contact with a 50% NaOH
solution at 60°C for 48 (sample B) and 136 h (sample E), after which it was washed with
distilled water, filtered and dried.

b)Heterogeneous hydrolysis. Chitin was treated with a 50% NaOH solution at 136°C for 1 h,
under N». Then, it was washed, filtered and dried, samples A and D.

¢)Microwave thermochemical process [5]. Chitin was added NaOH 30% in a 100 mL bottle,
placed on a microwave-oven digestion system operated at 440 w for 35 min. Cold distilled
water was added, then it was filtered, thoroughly washed with water and dried at 25°C.
Sample C.

Characterization procedures

a)Degree of deacetylation. First derivative ultraviolet spectrophotometry [6]. Chitosan was
dissolved in 0,01M acetic acid to prepare solutions containing 1 mg of dry chitosan per ml.
Solutions were also prepared with N-acetyl-D-glucosamine in 0,01 M acetic acid to be
measured against acetic acid. The derived spectra are obtained at a slit width of 1 mm, a
scanning speed of 30 nm/min and a time constant of 1 s.

b)Degree of deacetylation. 'H NMR spectroscopy[7]. "H NMR was performed on a AMX500
Bruckker NMR spectrometer under a static magnetic field of 125 MHZ and 500.13 MHZ
respectively at 70°C. For these measurements, 5 mg sample were introduced into a 5 mm
diameter NMR test tube, to which 1 ml of 2 wt% DCI/D,0 solution was added.

¢)Viscometry. Viscosities of chitosan solutions (1% in 0,1 M acetic acid-0,2 M NaCl) were
determined with a rotational viscometer and an Ubbelohde viscometer at 25 + 0,1°C.
d)Viscosity-average molecular weight. The equation used to relate LVN (Limiting Viscosity
Number) values to molecular weights was the Mark-Houwink equation:

(ml=kM

where [n] = LVN and the constants for our experimental conditions were [8]:
k(cm’gh)=1,81x10%and a=0,93

e)Thickness of films. It was determined with an Olympus microscope, using a suitable
micrometer.

f)Scaning electron microscopy (SEM). The SEM technique was used to characterize the
surface of chitosan films and chitin and chitosan particles. Thus, dried particles were coated
with Au-Pd on a SEM Coating Unit under a nitrogen atmosphere for 70 s and then examined
under a JSM 64 CO scaning electron microscope.

g)Preparation of chitosan films. 1% chitosan was dissolved in 50 mM acetic acid. The
homogeneous suspension was poured into Petri dishes that were kept at room temperature
until they were dried.

h)Cell cultures. C3HI0T1/2 cell lines were obtained from the American Type Culture
Collection (Manassas, Virginia). All the cell lines were maintained on 25 cm? flasks with
DMEM containing 10 % Foetal Bovine Serum plus antibiotics (100 U/mL penicillin and
100pg/mL streptomicin sulfate). Cell experimental cultures were achieved on 48-well plates
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with chitosan films previously formed. Trypsinized cells were seeded in the growing medium
previously described at 4000 cells/cm?.

Results and Discussion

In this work, we have obtained chitosan from prawn chitin (Penaeus caramote and Pleoticus
miilleri)) and lobster chitin (Polinurus vulgaris), by three different methods: homogeneous
hydrolysis, heterogeneous hydrolysis and microwave thermochemical process.

Preparation method and characterization of chitosan: Heterogeneous and homogeneus
hydrolysis are two conventional methods used to prepare chitosan, while microwave
thermochemical process has been developed recently [5].

We have obtained chitosan from prawn by the three methods and tried to find a correlation
~ between their characteristics.

We have determined in all the samples the degree of deacetylation calculated by 'H NMR
and first derivative UV spectroscopy, and the viscosity-average molecular weight.

Table 1. Characteristics of prawn chitosan

Sample A B C
Preparation method Heterogeneous Homogeneous Microwave
hydrolysis hydrolysis process
Deacetylation degree '"HNMR 74 82 98
Deacetylation degree UV 75 79 98
MWy 467.735 251.188 131.825

Table 1 shows the results of chitosan prawn characteristics: deacetylation degree and
viscosity-average molecular weight. It can be seen that heterogeneous hydrolysis produces
chitosan with a low deacetylation degree, while microwave thermochemical process produces
higher values. As regards viscosity-average molecular weight the relationship is the opposite:
the heterogeneous hydrolysis produces chitosan with higher viscosity-average molecular
weight. The results demonstrate that the microwave method produces a reduction in the
polymer length.

The results of lobster chitosan are shown in Table 2. There are not appreciable diferences
between the acetylation degree viscosity-average molecular weight in samples obtained by
homogeneous and heterogeneous hydrolyisis.

Table 2. Characteristics of lobster chitosan

Sample D E
Preparation method Heterogeneous Homogeneous
hydrolysis hydrolysis
Deacetylation degree 'HNMR 82 79
Deacetylation degree UV 83 73
MWy 157.290 181.134
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Chitosan films: Chitosan films were obtained from each sample, using our own procedure.
The thickness (table 3) and surface were tested by SEM.

Table 3. Thickness of films

Samples A B C D E
Thickness (um) 20.2 22.5 20.2 10.0 20.2

The films obtained with chitosans (B and E, homogeneous hydrolysis) show an irregular
surface. The films of chitosan obtained by the microwave thermochemical process have a
discontinous and irregular surface. Its microphotograph is shown in figure 1. This special
aspect and its characteristics are not appropiate for cell culture. The films of chitosan obtained
by heterogeneous hydrolysis show a regular surface (fig.2).

The macroscopic aspect is also different. Films obtained with chitosan processed by
microwave were easily broken. The others were flexible.

Figure 1. SEM of film obtained with prawn Figure 2. SEM of film obtained with
processed by microwave (sample C) prawn chitosan by heterogeneous
hydrolysis (sample A)

Behaviour of chitosan films on cell cultures: All the samples that gave good films were
assayed as a support for cells growth. A comparative study was developed and the best results
are shown in figures 3 and 4 corresponding to chitosans E (lobster) and A (prawn).

The cell growth is possible on films obtained from homogeneous and heterogeneous chitosan.
However the best results were reached in the case of film from chitosan prepared by
heterogeneous hydrolysis.

In the case of prawn the microphotograph show clusters of rounded cells that seem to grow
out of the film (fig. 4).

On the other hand cell growth on chitosan films from lobsters is possible with both kinds of
sample, but the best results are shown when chitosan are obtained by homogeneous hydrolys.
Cells are spread on the film adopting a fibroblast-like form (fig.3).
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Figure 3. Cells growth on lobster Figur 4. Cells growth on prawﬁ
chitosan film chitosan film

In conclusion, the results show the capacity of chitosan films to be used as support of cell
cultures. The growth of cells depends on the source and characteristics of chitosan films. The
chitosans prepared by microwave thermochemical process are not suitable to form film. The
more appropiate deacetylation degree for cell culture is ranged 73-80. The MWv in the
studied interval does not affect the results.

Acknowledgements: This work was supported by the Spanish Science and Technology
Commission (CICYT ). (Project reference: MAT-0702).

References

[1] T. Koyano, N. Minoura, M.Nagura and K. Kobayashi, Attachment and growth of culture
fibroblast cells on PVA/chitosan-blended hydrogels, J Biomed. Mater.Res., 1998, 39,
486-490.

[2] P.Popowicz, J.Kurzyca, B.Dolinska and J.Popowicz, Cultivation of MDCK ephitelial
cells on chitosan membranes, Biomed. Biochim. Acta, 1985, 44, 1329-1333.

[3] M. Izume, T.Taira and T. Miyata, A novel cell culture matrix composed of chitosan and
collagen complex, Chitin and Chitosan, Elsevier Applied Science, London, 1989, 653.

[4] N. Acosta, C. Jimenez, V. Borau and A. Heras, Extraction and characterization of chitin
from crustaceans, Biomass and Bioenergy, 1993, 5, 145-153.

[5] F. Goycoolea, G. Higuera-Ciapara, J. Hernandez, J. Lizaddi and K.D. Garcia, Preparation
of chitosan from squid (Loligo spp.) pen by a microwave-accelerated thermochemical
process, Advances in chitin science Vol II . Jacques André Publisher. Lyon. France, 1997,
78-83.

[6] R. Muzzarelli, R. Rocchetti, Chitin in Nature and Technology. Plenum Press, New York,
USA, 1986, 385-388.

[7] A. Hirai, H. Odani, A. Nakajima, Determination of degree of deacetylation of chitosan by
'H RMN spectroscopy, Polymer bulletin, 1991, 26, 87-94.

[8] G. Roberts, Chitin Chemistry. The MacMillan Press LTD. 1992, 106.

- 97 -



Advan. Chitin Sci., Vol. 4
M.G. Peter, A. Domard and R.A.A. Muzzarelli, eds.
University of Potsdam, 2000. ISBN 3-9806494-5-8

Transport phenomena in chitin gels
L.Vachoud*, N.Zydowicz, A Domard

Laboratoire des Matériaux Polyméres et des Biomatériaux - UMR— CNRS 5627
Université Claude Bernard LYON 1. 69622 Villeurbanne Cedex - France

Summary

The aim of this paper is to study different transport phenomena in chitin gels obtained
by N-acetylation of chitosan in a water-alcohol mixture. Three kinds of transport were
studied on these gels : the desorption of solutes when they do not interact with chitin,
the sorption of solutes when they interact with chitin and the solvent osmosis. In order
to investigate interactive sorption, dyes having different chemical structures such as
Acid Blue 74 or Congo Red were used. Concerning the non interactive desorption, the
role of different parameters on the diffusion was tested, peculiarly the role of the size of
the diffusing substrates. For that, solutes such as PP vitamin, B1 vitamin and caffeine
were used. Finally, the solvent osmosis of the gel when it is immersed in a concentrated
solution of gelatin was examined.

Introduction

The two classical kinds of gels can be obtained either with chitin or chitosan. They
correspond to chemical and physical gels. Chemical gels are formed by means of
covalent crosslinkings. They are generally obtained thanks to the use of
glutaraldehyde[1] or epichlorohydrin[2]. The formation of physical gels must be related

to the presence of low energy and reversible interactions which can be created with a

diacid (oxalic acid)[3], with polyoxyanions of molybdate[4] or by chemical

modification of chitosan. We have chosen to work on a physical gel obtained by

acetylation of chitosan in an acetic acid-water-alcohol solution[5,6,7]. Physical gels

have two advantages compared to chemical gels. The first advantage corresponds to

their reversibility. The second concerns the chemical structure of polymer chains which,

in this case, is not modified. As a consequence, the whole of the physicochemical and

biological properties of chitosan or chitin chains is preserved.

This paper deals with the study of different transport phenomena in these gels :
the sorption of interactive solutes (Acid blue 74 and Congo Red), desorption of non
interactive molecules (PP vitamin, B1 vitamin and caffeine) and the solvent osmosis
phenomena.

Materials and method

Gel formation: 10 ml. of an aqueous acetic acid (0,5%) solution of chitosan (1%) was
mixed with 8 ml of 1,2-propanediol. An acetylating solution (acetic anhydride and 1,2-
propanediol) was slowly added to the solution of chitosan under stirring and the mixture
was transferred into a cylinidrical mould (©=26mm, H=30mm).
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Vitamins and caffeine diffusion: After syneresis and washing in deionised water,
gels (J=18 mm, H=21mm) were immersed in an excess of a concentrated aqueous
solution of the studied solute over 24 hours. The study of the solute release was then
carried out in 1 liter of deionised water at room temperature. The amount of released
solute was measured by UV spectrophotometry (KONTRON instrument) at a
wavelength : 4 =262 nm for PP vitamin, A4 = 272nm for caffeine and 4 = 240 nm for B1
vitamin.

Dye sorption: The gels were immersed in lliter of the studied dye. The
concentration of the solution was determined at room temperature by a UV
spectrophotometer. The calibration wavelength used were : A = 346 nm for Congo red,
A =560nm for Remazol 5 and A = 610 nm for Acid blue 74.

The coefficient partition Kd is calculated from the following equation :

Co-Co) V
Kd (ml/g) Co m
Co and C, are the dye concentrations in the bath at the beginning and at the end of the
sorption respectively, m is the weight of the polymer and V is the volume of the
coloured bath (ml).
Osmosis solvent. The gel was immersed in 250ml of a concentrated solution of
gelatin (33.3% (w/w)) at a temperature equal to 50°C. The molecular weight of the

gelatin used was Mw = 50 000 g.mol™.

Results and Discussion

Desorption of non interactive solutes: Molecules of various steric hindrance such as PP
vitamin, B1 vitamin and caffeine (see Table 1) were chosen in order to determine the
role of the size of purely diffusing agents on the transport phenomena. These solutes
were also chosen in relation with their good biological properties. As a consequence, the
gel containing them can be considered as a possible system for sustained release of
drugs.

PP vitamin is the anti-pellagra vitamin. B1 vitamin has an antineuritic effect and
caffeine is well known for its tonic power and is enclosed in the composition of various
mixtures particularly slimming creams.

Diffusion in chitin gels is a Fickian process. As a consequence, the transport rate
was evaluated by a diffusion coefficient D calculated from the second Fick’s law.

The following equation is proposed for a plane gel[8].

1
M, [Dtr
—t ===,
M, OB

1is the thickness of the gel, t, the time, M, and M., the amount of released solute
for a given time t and infinite time respectively.

In the case of a cylindrical gel, the diffusion coefficient is calculated by fitting
experimental data with the relation proposed by Ritger and Peppas[9] :

Mm[gi]% _H[RL]_E[RLF . EL]%
M, ITa? MMa*j 3[I1a° mre

with a : radius of the cylinder.
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Table 1.  Chemical structure of the different diffusing agents used for desorption

studies.
Diffusing agents Chemical Structure
B1 Vitamin ’l* CHy
I
/N_c\ _ C==c— CH,— CH,OH
CHy— € /c-— TN |
\N =C +\ o S
\N'l 2 (] -
.HCl
PP Vitamin T]
C —NH3
/
(E/
Caffeine

N
o
°“\3 _CH3
N | J
I A2
o/ N| N

CH 3

Results are presented in Table 2. Diffusion coefficients appear to be located in a
range between 3.7 and 5.6 10° cm ?s™. These values are close to those published for
poly(ethylene glycol)[10] and poly(methacrylic acid-g-ethylene glycol) hydrogels[11].
Nevertheless, they are a decade lower than those observed for organic solutes with the
same molecular weight in pure water.

Moreover, neither the steric hindrance nor the chemical structure of the diffusing
solutes strongly affects the diffusion coefficient. This result must be related to the fact
that the pore size of the gel is much greater than the size of diffusing solutes[12] but
also that interactions between diffusing solutes and the network are very weak.

Sorption of interactive molecules: Sorption of Acid blue 74 was tested on two
gels : acetylated at 92% and at 98%. An important decrease of the dye concentration in
the bath was observed. The sorption tends toward a plateau near 80 hours and depends
on the degree of acetylation. Indeed, the amount of sorbed dye is higher for low DA's
and the values of partition coefficient Kd are inversely proportional to DA’s revealing
thus the importance of the electrostatic interactions between chitin gel (NHs") and Acid
Blue 74 (SO3).

Contrary to acid blue 74 which is sorbed in the bulk of the gel, Congo Red is
only sorbed at the surface. The first layers of the sorbed dye give rise to a barrier effect
(negatively charged surface) and inhibit the further sorption of dye by electrostatic
repulsions. When the amino functions of chitin are highly charged (pH4) or free (pH
10), no desorption is observed in relation with the fact that electrostatic interactions are
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not essential for the sorption of this dye. On the other hand, H bonding between amino
groups of the dye and hydroxyl or amide group of the network should be predominant.
We observe the same situation for hydrophobic interactions between the cyclic aromatic
systems of the dye and the methyl groups of the network.

Table 2.  Diffusion coefficients of various water soluble solutes in chitin gels

Diffusion Coefficients

D (em’s™)
PP Vitamin(122.1g.mol™)
Cylindrical gel DA = 98% 4.510°
Cylindrical gel DA = 92% 5.6 10°
Plane gel DA =98% 4510°
B1 Vitamin(337.27 g.mol™)
Plane gel DA = 98% 4210°
Caffeine(94.2 g.mol ")
Cylindrical gel DA = 98% 3.710°

Table 3. Chemical structures of the used dyes for sorption studies.

Dyes chemical structure
Acid Blue 74 i I

NaO3S

SO3 Na

>0
Congo Red - N=N

SO3Na SO3Na

Solvent osmosis of the gel: In order to study the rejection of the solvent of the gel
by osmosis, a sample is placed in a concentrated aqueous solution of gelatin
(33%(w/w)). In this condition, the chemical potential of water is lower inside the
network compared to outside. Then, there are two possibilities to equilibrate the
chemical potentials of water between the inner and the outer parts of the gel. The first
corresponds to the migration of water from the bulk of the gel to the gelatin solution.
The second corresponds to the gelatin diffusion from gelatin solution to the bulk of the
gel.

Gelatin diffusion seems to be limited because, at this concentration
(33,3%(w/w)), the triple helix of the gelatin forms aggregates which size is greater than
the pore size of the network. As a consequence, an important migration of water from
the network to the gelatin solution and an important dehydration of the gel are observed.
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The weight of the gel after osmosis represents only 4.2% of the weight of the gel
at the gel point and the syneresis observed in this case is the most important syneresis
never observed[13]. This result points out that it is possible to go beyond the syneresis
limit by playing on the difference of chemical potential of water between the inner and
the outer parts of the gel. This behaviour is very interesting if we consider that it allows
us to simply multiply by 25 the concentration of the gel which then become close to 15
%.

Conclusions

The network corresponding to a chitin gel can interact with dyes either with
electrostatic interactions or with lower energy interactions such as hydrophobic
interactions. In the case of Congo red the transport is limited by electrostatic exclusion
and then the gel can be considered as a way to colour specifically a surface. This
property can be used in cosmetic and nutrition fields.

On the other hand, the porosity of the gel is so high that non interactive and
isolated molecules of low molecular weight can diffuse easily throughout the gel. As a
consequence, chitin gels can be used as drug vectors for these systems.

Finally, transport of solutes can be limited by size exclusion and as a
consequence the thermodynamic imbalance created in this case leads to the osmosis of
the solvent out of the network and thus allows us to regulate the size of the gel.
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Summary

Polyelectrolytecomplex membranes were used to dehydrate alcoholic solutions of. They were
prepared by simultaneous interfacial reaction of aqueous solutions of two oppositely charged
poly-ions. The cellulose derivative sulphoethylcellulose (SEC) was used as the polyanionic
component and chitosan as the polycationic component. Membrane properties such as degree
of swelling, morphology and separation parameters were investigated.

Introduction
In recent years membrane technology has been the subject of intensive studies due to its wide
variety of applications. One area of membrane technology is the dehydration of alcoholic
solutions, since alcohols form azeotropes with water that cannot be separated by conventional
methods. A large number of materials have been used in order to improve the dehydration
effect, but the separation parameters can still be improved. The use of hydrophilic poly-
electrolytes as a component of the membranes yields better separation parameters. The forma-
tion of polyelectrolyte complexes (symplexes) provides an elegant’ method of rendering these
water-soluble systems insoluble, and is therefore useful in solving dehydration problems [1-4].
In this investigation sulphoethylcellulose (SEC, figure 1) and chitosan were used as
components of membranes. Sulphoethylcellulose is a cellulose derivative that is water soluble
even at very low degrees of substitution (DS). It is easily accessible by polymer-analogous
substitution reactions of cellulose, adjusting the molecular parameters as molar mass and
degree of substitution as desired. Due to its polyanionic character it reacts with a solution of
polycationic chitosan. Membranes were produced by flocculation of the symplexes. Chitosan is
already familiar as a membrane material but it is generally applied as a covalent, cross-linked
network. In this research the electrostatic properties were used to cross-link the polymers. The
strong Coulomb interaction between the oppositely charged polyelectrolytes causes the
formation of the polyelectrolyte complex.

OR CH,0R
RO 0 0
1o J RO
H,OR OR

R = H oder CH,CH,SO;H
Figure 1. Repeating unit of sulphoethylcellulose
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The aim of this investigation was to introduce SEC and chitosan as suitable raw
materials for symplex membranes. Discussion centres on characterisation of the molecular
parameters of the components that play a role in membrane synthesis and the properties that
are important in the separation process.

Materials and Methods

Sulphoethylcellulose was produced industrially by sulphoethylation of cellulose with
vinylsulphonic acid. Chitosan with different molar masses and degrees of deacetylation were
obtained in commercially available form and used without any further purification. Solutions
with a content of 2-5 % polyanionic polyelectrolyte were obtained by dissolving the samples in
water or 2 % polycationic polyelectrolyte in 1 % acetic acid.

The properties of the membranes are dependent upon the molecular parameters of the
base materials, which also influence the solution structure and hence the properties of chitosan
and SEC. Therefore the samples were characterised by determining the degree of substitution,
the degree of deacetylation, the molar mass and the molar mass distribution. Therefore
polyelectrolyte titration, IR-spectroscopy, viscosimetry and size exclusion chromatography
were used. Further details about the methods used can be found in {5-15].

To prepare symplex membranes, a simultaneous interfacial reaction of aqueous
solutions of the two oppositely charged poly-ions was used. The solution of
sulphoethylcellulose was spread as a 0.5 mm thick film on a glass plate and carefully put into a
solution of chitosan. A spontaneous surface reaction between the two components led to
formation of the polyelectrolyte complex membrane. After a reaction time of 1 h the membrane
on the glass plate was washed with distilled water to remove the adjacent unreacted
polycationic compound. The membrane was loosened from the support and dried. The
thickness of the membranes obtained was in the range of 10-30 um, depending on the SEC
concentration in the casting solution.

The membranes were characterised in terms of swelling behaviour, network structure,
morphology and separation parameters. The degree of membrane equilibrium swelling was
determined according to

SD (%) =100 % - (m, —mg) / mq

where m, and my are the weights of membrane strips in the swollen and dried states
respectively. Rheological oscillation measurements of the swollen membranes were carried out
on a Bohlin CS 50 stress-controlled rheometer [16-17]. Pervaporation experiments were
performed with a laboratory-scale apparatus using a P28 stainless steel measuring cell supplied
by Celfa AG, Switzerland. Water-isopropanol mixtures at 50°C were used for membrane
testing. The permeate flux was determined gravimetrically and the compositions of feed and
permeate by density measurements. The separation efficiency is generally described by two
main values [18]:

— separation capacity: described by the permeation rate J: J = mass / (time - area)

— separation selectivity: described by the separation factor a

C(Hz O)rey
a = C(Hzo)permeale
B Jalcohol)&%

c(alcohol)

permeate
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Results and Discussion

Characterisation of the components:. The molecular parameters of the components used are
summarised in table 1. The degree of substitution of the SEC samples covers a small range.
The lower the DS, the more the chains are aggregated in solution and cannot be handled as
single chains. The molar masses of the sulphoethylcellulose are quite high in comparison with
the chitosan samples.

Table 1. Molecular parameters of the samples used.

sample DS DD [%] [n] [mlg] M, [g/mol] M, /M.,
SEC 1 0.39 - 374 370 000 4.8
SEC2 0.35 - 432 550 000 3.5
SEC3 0.28 - 524 1200 000 52
CHT 1 - 99 25 9 000 1.4
CHT 2 - 75 62 40 000 33
CHT 3 - 88 327 90 000 1.5

Characterisation of the membranes: The swelling behaviour can be correlated with the
pervaporation properties because the ability of the medium to dissolve in the membrane is
important for the separation process. The swelling ratio decreased with increasing ethanol
concentration in the medium. Ethanol is dissolved less readily than water in the membrane,
consequently ethanol should not permeate the membrane as well as water.

300

2504 —°—CHT 1

200 -+

Swelling degree SD [%]

150 - 0\0 0

100

T T 1 1 1 T

T i T ]
2 3 4 5 2 3 4 5 2 3
SEC 1 SEC2 SEC3

SEC Concentration [%)]
Figure 2. Swelling degree of different membrane samples.
The degree of swelling is dependent upon the components used and their concentration in the
casting solution. Figure 2 shows the results in pure water. The SD increases with increasing

molar mass of sulphoethylcellulose or chitosan and with decreasing concentration. This can be
explained by the change in network meshes. The largest degree of swelling is exhibited by the
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membranes of sample CHT 2 or SEC 3, which have longer chain lengths than sample CHT 1
or SEC 1. The longer the polymer chains of the components, the greater the meshes of the
membrane network are, and the more the membrane may swell. If the concentrations are low,
there are large distances between the chains, and big meshes can be formed in which water can
intercalate into the membrane. However, with increasing concentration the volume between the
chains is filled and the resulting meshes become smaller.

5
10

G, G"[Pa], | n*| [Pas]

Figure 3. Dependence of the oscillation frequency upon the storage and loss moduli.

The swollen membranes are a network system and can be characterised by means of
rheological oscillation measurements. Figure 3 shows schematically how the oscillation
frequency depends upon the storage and loss moduli. In the case of networks a plateau
modulus, G'p, exists from which the molar mass between two cross-links M, can be calculated.
The higher the plateau modulus, the smaller the meshes are, and the more compact the
network will be [17].

M, =LRT
G,

The plateau modulus increases with increasing concentration, increasing charge density and
decreasing molar mass. The membranes become more compact, which influences the
separation properties. Table 2 shows the dependence of mesh size and network density upon
SEC concentration, molar masses of SEC and chitosan, degree of substitution and degree of
deacetylation.

The swelling behaviour of the membranes can be combined with the mesh size as seen
in figure 4. The larger the meshes of the network, the more the system swells.
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Table 2: Dependence of network properties of molecular parameters of SEC and chitosan.

increasing ¢(SEC) M(SEC) M (CHT) DS DD
mesh size =M, decreasing increasing increasing decreasing decreasing
network density increasing decreasing decreasing  increasing increasing
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Figure 4. Dependence of mesh size upon swelling degree.

The morphological structure of the membranes was examined by scanning electron
microscopy. A cross-sectional view of a freeze-dried symplex membrane shows that the
membranes are dense, homogeneous and symmetric (figure 5). There is no difference between
the top and the bottom of the membrane surface.

Figure 6 illustrates the permeation rate and separation factors of some membranes.
They show excellent separation performances with high separation factors and high permeate
fluxes. With increasing water concentration in the feed mixture, the separation factor decreases
and the permeation rate increases. This is caused by the correlation between permeation and
swelling. The more swollen a membrane is, the better a solution can permeate, because of the
increasing mesh size. But this also implies that the separation efficiency decreases, because the
alcohol molecules can also permeate better. So the membranes with sample CHT 3 show very
good separation factors but quite low permeation fluxes and the membranes of sample CHT 1
have high fluxes and low separation factors.
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Figure S. Cross-sectional view of a symplex membrane.
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Figure 6. Separation properties of membranes with isopropanol-water mixtures at S0°C.
a: different SEC samples, b: different chitosan samples.

The membranes of sample SEC 2 show different separation properties as a function of
SEC concentration in the casting solution: the permeation rate J decreases and the separation
factor o increases. With increasing concentration the membrane structure becomes more
compact. The larger the molecules are, the more time they need to permeate, which improves
the separation efficiency.

Conclusions

Sulphoethylcellulose and Chitosan are suitable raw materials for synthesising symplex
membranes. Characterisation of the components gives useful information about their molecular
parameters and their solution structure. The samples investigated mainly differ in molar mass
and charge density.
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The membranes produced are dense, homogeneous and symmetrical. They swell in

water but not in alcoholic solutions. With increasing SEC concentration in the casting solution

the

membranes become more compact. This influences the plateau modulus in oscillation

measurements and the separation parameters. The membranes show good separation factors at
high permeation rates and are suitable for the dehydration of alcoholic solutions.
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Summary )
Chitosan is a biopolymer with the capability of adsorbing heavy and transition metal ions in
aqueous systems.

With the aim of improve some metal ions adsorption, chitosan - Ca pectinate pellets
were prepared by adding powder chitosan to a Na-pectinate solution (2 % w/v). The solution
was dropped into a CaCl, solution (4%) and the pellets were washed with distilled water and
kept refrigerated. It was concluded the pellets obtained by this way actually improved the
performance of controlled adsorption compared for the same conditions and for the same
ions Pb(Il), Hg (II) and Cd (II), according to the respective adsorption isotherms, at
20 £ 1°C.

Introduction )

The removal of heavy metals in aqueous systems as contaminants is very difficult and shows
problems, not only because of methodology but also because its industrial cost. Some
techniques, such as chemical precipitation and reverse osmosis are not effective in this
situation, and adsorbents as activated carbon and ion — exchange resins have their limitations.

The chitosan has a high affinity for virtually all non alkali, group transition — metal
cations [1]. A very attractive route appears in these days: the bioadsorbents. Chitosan — Ca
alginate pellets were introduced during this decade [2] for the remotion heavy and transition
metal ions. The chitosan is usually obtained in powered form that is both nonporous and
soluble in acidic media [3]. The low internal surface area of the nonporous material limits
access to interior adsorption sites and. hence lowers metal ion adsorption capacities and
adsorption rates.

For metal ion adsorption applications, the high internal surface area of the porous
beads could boost the metal binding capacity and also increase the transport rate of metal ion
into particle [4].

The solubility of chitosan in acidic media prevents its use in recovery of metal ions.

In the present work we describe the immobilization of two biopolymers, chitosan
(cationic) and Na pectinate (anionic), process which involves the metal ions union to the
hydroxil and amino groups on the chitosan [5], and to the carboxyl group on the pectinate.

The purpose of this work was the presentation of a methodology to obtain chitosan —
Ca pectinate pellets and the feasibility of their use for the remotion of this kind of
contaminants in waste water.
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Materials and Methods

The chitin was isolated from crawfish exoskeleton. The chitosan used was prepared by
deacetylating chitin with NaOH 70% (w/v) at 136 °C. Following that step, it was washed
with distilled water until the pH value of chitosan suspention reached 7. Then it was treated
with ethanol and acetone, dried at 105 °C during an hour, and the obtained powder was sieved
through mesh 140-200 ( deacetylation 83% and viscosity 160 mPa s.).

Pectin used was from SIGMA ( cytric source, deacetylation grade 84%).

First it was considered essential to establish the best Pectin-Chitosan (P/CH) ratio for
obtaining uniform and with right firmness pellets, and also pellets which could stay stable
through time and during stirring.

Studies were conducted with different ratios, obtaining the following results:

P/CH ratio 0.45 : beads formation was not observed.

P/CH ratio 1.80: beads with the demanded features were formed.

P/CH ratio 5.00: beads features obtained were better than with ratio 1.80
P/CH ratio 7.20: beads properties were similar to those obtained with ratio 5.00

° P/CH ratio 10.0: irregular rings were obtained.

Therefore, 1.80, 5.00 and 7.20 ratios were used.

With the aim of choosing one of these three ratios, we studied the adsorption of Pb
(II), Hg (IT) and Cd (II),that is, which was the ratio that gives pellets with the best retention of
these species.

The stirring times were 1,5,10,20,40,45,60,75,90,115,120 and 150 days.

According to these preliminary tests the P/CH ratio 5.00 showed the best adsorption in
the lower time and the beads were not deformed during stirring.

The pellets were prepared mixing powder chitosan with 100 mL suspention Na-
Pectinate 2% (w/v).

The suspention was homogenized with a magnetic stirrer and immobilized by
dropping it into a solution of CaCl, (4% w/v). The resulting beads were kept in this solution
for 12 to 24 hours at ambient temperature in order to hardened them.

Second, the beads were distilled water washed. The resulting beads were kept
refrigerated between 4 —7° C until they were used. The species involved in the adsorption
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study were determinated by plasma induced emision Spectrophotometer SHIMADZU ICPS
1000 III equipped with ultrasonic aerosol generator UAG 1.

Results and Discussion
To show the pellets useful life span we studied the Hg (II) adsorption. The pellets can be used
after 5 months since they were prepared, as shown in figure 1.
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Figure 1. Hg(Il) 7.56 10 M. NaClOs (ionic strength 0.01M) pH 5. Batch stirring, temp. 20
+1°C

To show the pellets efficiency during adsorption, individual experiences were performed
with Pb(II), Hg (II) and Cd (II), and they were compared with chitosan and pectin as
adsorbents themselves.

The optimal operating conditions as stirring time, pellets quantity, temperature and ionic
strength were also studied.

Adsorption isotherms of Hg(ll)
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Figure 2. Hg(II) 7.5 x 10™* M. NaClOy (ionic strength 0.01M) pH 5. Batch stirring, temp
20+ 1°C

As shown in figure 2, Hg(II) shows a different behaviour with chitosan ,pectin and
with the pellets.

The chitosan adsorbs following the parabolic law of diffusion, but once it has reached
a maximum at 150 min, a slow desorption takes place. The pectin shows an absolutely
different adsorption isotherm compared to the chitosan pellets isotherm. In the experimental
results showed by the pectin, first adsorption takes place and second a slow desorption,
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reaching equilibrium at a very low concentration. Pellets behave quite similar to chitosan, but
doesn’t show desorption during our experiences.
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Figure 3.

Pb(II) 5 x 10° M. NaClO4 (ionic strength 0.01M) pH 5. Batch stirring, temp

20+ 1°C

Doing a similar analysis to Hg(II) in Pb (II) ( figure 3), chitosan shows consecutive
adsorption-desorption cycles, and then reaching equilibrium. The pectin shows a valuable
initial adsorption, and second a slow desorption. The pellets show a greater adsorption,
reaching equilibrium after 80 minutes.
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Figure 4. Cd(II) 1.06 x 10® M. NaClO4 (ionic strength 0.01M) pH 5 Batch stirring, temp
20+ 1°C

Cadmium shows ( figure 4) a similar behaviour than Pb (I). The adsorption process
for the pellets shows two steps until it reaches a maximum adsorption. First, a quick
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superficial adsorption takes place, and after that diffusion trough superficial porous appears
and this is the rate-limiting step [1].

In every experimental step for the adsorption control for Pb(Il), Hg (I) and Cd (ID)it
was concluded that the pellets showed the best efficiency for the three species adsorption.

This reveals that the functional groups involved that appear in each chitosan and
pectin are in a better position in the pellets, regarding to adsorption.

Adsorption sites will involve positively charged amino groups ( NH;") and to
secondary ionized alcohols ( alcohol-O7) due to the fact that phis 5.

Supporting on theoretical calculation done in our laboratory using EHMO[6] and
modify by Calzaferri et al. (ICONC program)[7] we have enough reason to explain that the
different behaviour are due to a different binding energy between metal and corresponding
functional group, and this would support the different chitosan adsorption-desorption
processes, being this binding weaker than the binding in the pellets[8].

It was concluded that chitosan - Ca pectinate pellets constitute an excellent system for
eliminating contaminants from water systems.
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Summary

The protein removal from cheese whey was highest by using 50 mg/L of chitosan solution in
comparing with other coagulants. Consequently, the supernatant was separated by
ultrafiltration using chitosan membranes. Performance of chitosan membranes were measured
by the flux and percent rejection of the protein. It was found that the flux value was higher
than that of the flux without chitosan coagulation. Chitosan coagulation was used mainly to
increase the flux as the reduction of dissolved solids which were achieved by coagulation.
The protein rejection was decreased for the same reason. The result showed that chitosan can
be utilized including coagulation and ultrafiltration for bioseparation of the protein.

Introduction

Chitin is polymer of [B-(1—>4)-2-acetamido-2-deoxy-D-glucopyranose]. It is one of the most
abundant organic materials on earth and second only to cellulose and murein, which is the
main structural polymer in the cell wall of bacteria. The principal derivative of chitin is
chitosan, produced by alkaline deacetylation of chitin. Chitosan is polymer of [B-(1—>4)-2-
amino-2-deoxy-D-glucopyranose] [1]. Chitin and chitosan have wide application in food,
pharmaceutical, and other industrial uses such as wastewater treatment, bioseparation, coating
and protective materials. Regarding to the applications of chitosan, the purpose of this study is
to evaluate the activity of chitosan as coagulant in comparison to other commercial products
and the performance of chitosan membrane in ultrafiltration for concentration of cheese whey
protein [2-4].

The main purpose of using ultrafiltration to treat whey is to concentrate the native
whey proteins to obtain a protein powder. A number of whey-pretreatment have been
developed to improve UF membrane flux rate for fractionating the whey protein concentrate
(WPC). The flocculation of cheese whey protein by chitosan can also improve UF membrane
flux rate for fractionation [5-8].
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Materials and Methods

The cheese whey was collected from local dairy factory having 1008 mg/l total kjeldahl
nitrogen (TKN), 6300 mg/l protein nitrogen, 62177 mg/l total solid and pH of 4.7. Protein
present in the supernatant of cheese whey were primarily in dissolved form. However, they
may precipitate out after pH adjustment. Accordingly, effect of pH adjustment on protein
precipitate and settlement from cheese whey supernatant was first investigated. 1 liter of
supernatant cheese whey was taken into a number of 1 liter beakers and pH ion each beaker
was adjusted to a specific value ranging from pH 6.0 to 10.0. Turbidity and protein content of
the supernatant before and after pH adjustment were recorded for estimation of protein
removal efficiency.

Investigation were conducted by jar test to estimate effect of operating parameters like
pH and coagulation dosage on protein removal. Four different coagulants were used viz.
chitosan, polyaluminium chloride (PAC), alum sulfate (Al;(SO4);°14H,0), and carrageenan.
Separate stock solution of the four coagulants were first prepared with concentrations of 5g/l
of chitosan in 1% acetic acid [1], 50g/l of PAC, 50 g/l alum, and 5 g/ of carrageenan in water.
The operating conditions are summarized in Table 1.

Table 1. Various operating conditions in coagulation

Operating conditions Unit Values
Coagulant: Chitosan mg/l 20-90
PAC mg/l 100-500
Alum mg/l 100-500
Carrageenan mg/l 20-100
pH - 6.0-10.0
Rapid mixing: Speed rpm. 150
Contact time min. 2
Slow mixing: Speed rpm. 20
Contact time min. 15
Sedimentation in Imhoff cone  min. 60
Filtration min. 10

Cheese whey separation was done by using chitosan as coagulant and then let to
separate protein from supernatant cheese whey by chitosan membrane with the selected
operation of ultrafiltration. Chitosan membrane is prepared from local commercial chitosan
products form shrimp shells with a moisture content of 10.00%, ash content of 0.50% and
degree of deacetylation of 74.85%.

The ultrafiltration experiments were conducted in DDS mini lab 10 module by
chitosan membrane of 20000 Dalton MWCO. The experiments were investigated by varying
applied pressure at 0.9, 1.2 and 1.5 bar while keeping retentate flowrate constant at 0.6 GPM.
The retentate flowrate was then varied at 0.2, 0.6 and 1.0 GPM keeping applied pressure
constant at 1.2 bar. Temperature was maintained at 25°C for both experiments. The pH of
feed concentration was fixed at 7.0 for chitosan membrane. Cheese whey without and with
chitosan coagulation was tested for each set of ultrafiltration experiment. The permeate
solution was collected every hour for 10 hours to analyze flux [9] and protein rejection [7].
Protein concentration of cheese whey in feed tank and permeate stream was measured
spectophotometrically using calibration curve developed by Bradford Assay [10].
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Results and Discussions . _
Figure 1 illustrates the performance of different coagulants at their selected operating
conditions. As can be seen, performance by chitosan is superior than other coagulants in all
respects.
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Figure 1. Effect of coagulation on coagulants

Chitosan yielded better protein as well as turbidity removal at lower dosage value.
Coagulant dosage at selected operating conditions for chitosan was only 50 mg/l as compare
to 400 mg/l for PAC, 300 mg/l for alum, and 80 mg/| for carrageenan while superior protein
removal of 77.8% was obtained by chitosan in comparison with 68.5%, 62.0%, and 25.0% by
PAC, alum and carrageenan, respectively. Turbidity removal of 72.5% was obtained by
chitosan under selected conditions while only 50.0%, 52.5% and 40.0% removal were
recorded by PAC, alum and carrageenan, respectively. This data also suggests turbidity
removal is not proportional to protein removal from cheese whey. Raw Cheese whey was

necessary to maintain at a pH of 7.0 otherwise chitosan membrane was damaged and/or
dissolved by lactic acid if pH lower than 5.8.
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Effect of applied pressure on chitosan membrane without coagulation: The effect of applied
pressure on permeate flux and protein rejection was investigated by performing experiments
with three different applied pressures viz. 0.9, 1.2, and 1.5 bar. The flowrate from retentate
stream was kept constant at 0.6 GPM in all the experiments.

Permeate flux: Permeate flux in all the batches showed marked reduction of 48.4%-
54.3% for chitosan membrane during first hour of operation. Steady state flux was obtained
after about 7 hours of operation in case of chitosan membrane. Steady state permeate flux for
chitosan membrane (CTS) were 0.88, 0.68, and 0.61 Im?h for the applied pressure of 1.5,
1.2, and 0.9 bar, respectively (Figure 2a). The decrease in permeate flux during a typical batch
operation can be attributed to the increase in thickness of protein gel layer which increases the
resistance to permeate flux. Deposition and adsorption of colloidal proteins on external
surface and internal pores of the membrane leads to reduction on membrane permeability,
causing reduction of permeate flux [6].

Protein rejection: Average protein rejection during each hour of sampling interval
with respect to batch time is plotted in Figure 2b. Protein rejection is lowest of about 66.8%
with CTS for 1.5 bar applied pressure as compare to 70.5% and 78.0% with CTS for 1.2 and
0.9 bars during first hour of batch operation. This is primarily because at the beginning of
batch operation, the external surface as well as the internal pores of the membrane are clean
and hence more protein molecules can escape through the membrane at higher operating
pressure [5]. The steady state protein rejection are 81.4%, 82.8% and 85.6% with CTS for 1.5,
1.2, and 0.9 bars respectively (Figure 2b) implying higher steady state protein rejection for
higher operating pressures. It is expected that this values will eventually reach time averaged
protein rejection as batch operation time further increases.
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8 —o—09bar
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o
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00

60 120 180 240 300 360 420 480 540 600

Time (min)

(2a) Permeate flux (2b) Protein rejection
Figure 2. Effect of applied pressure on chitosan membrane without coagulation

Effect of flowrate on chitosan membrane without coagulation: Permeate flux: Figure 3a shows
that permeate flux was higher for higher retentate flowrate after first hour of batch operation.
Steady state permeate flux of 0.71, 0.68, and 0.65 I/m*.h with CTS were recorded for retentate
flowrate of 1.0, 0.6, and 0.2 GPM, respectively. The increase in permeate flux with increased
retentate flowrate can be attributed to the effect of high flowrate to remove gel layer on
membrane surface [6].

Protein rejection: Since gel layer on membrane surface during batch operation could
be partially removed by high flowrate [S], it was expected that protein rejection would
decrease with increased flowrate. Accordingly, the variation of protein rejection with batch
duration based on cumulative values was presented in Figure 3b. As can be seen from these
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figures, protein rejection during batch operation does not show improvement while the
variation with flowrate from 0.2 to 1.0 GPM.
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(3a) Permeate flux (3b) Protein rejection

Figure 3. Effect of flowrate on chitosan membrane without coagulation

Chitosan membrane of MWCO 20000 Da ultrafiltration for separation of proteins
from cheese whey showed the steady state permeate flux of 0.68 I/m”.h and protein rejection
of 86.5% at optimum pressure of 1.2 bar and retentate flowrate of 0.6 GPM.

Ultrafiltration of chitosan membrane with coagulation: Permeate flux. Figure 4a shows the
cumulative permeate flux decreased around 17.6% during first hour of operation for chitosan
(CTS) membrane . Steady state flux was obtained after about 8 hours of operation. The
cumulative flux reduction for CTS membrane 62.6% at the end of operation. Permeate flux
for both membranes in case of cheese whey with chitosan coagulation was higher than that of
without coagulation. .

Protein rejection: Figure 4b shows protein rejection in case of cheese whey with
chitosan coagulation were lower than in case of cheese whey without chitosan coagulation.
The cumulative protein rejection started at 20% and increased to 88.8% for CTS membrane.
Steady state protein rejection was found when it reached at 8 hours. The nature of the curve
was similar although this reduces the permeate flux due to the increased resistance caused by
protein deposition on membrane and partial blocking of inter membrane pores also reduces
any further leakage of protein molecules through the membrane which results in improved
protein rejection and this operation occurs lower when applied coagulation.
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EE/ 3.0 \W‘M« E wo |
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10 120 240 360 480 600 10 120 240 360 480 600
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(4a) Permeate Flux (4b) Protein rejection

Figure 4. Permeate flux and protein rejection with time for chitosan membrane with
coagulation
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Conclusions

Coagulation of cheese whey using chitosan and other coagulant varied with pH of the cheese
whey. For optimum pH at 7.0 chitosan showed better and more effective coagulant compared
to alum, PAC, carrageenan. Chitosan flat sheet membranes showed their high performance for
ultrafiltration of cheese whey proteins. Permeate flux and protein rejection depends on effect
of applied pressure and effect of retentate flowrate. Permeate flux decreasing and protein
rejection increasing caused by deposition and adsorption of colloidal proteins on external
surface and internal pores of the membrane leads to reduction on membrane permeability.
Cheese whey protein ultrafiltration followed by chitosan coagulation improved the flux as
chiotsan coagulant removed portion of protein during coagulation. A decrease in protein
rejection occurs during ultrafiltration with chitosan coagulation as solid to a large extend has
already been removed during coagulation.
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Summary

85% phosphoric acid was selected as a cosolvent for dissolving chitosan and silk
fibroin mixture, and then the mixed solution was wet-spun into coagulation bath (3M
ammonium sulfate) through the nozzle of 0.02 cm diameter. Spinnable concentration was
about 16% and the viscosity of solution was lower than 1000 poise.

In FT-IR spectra of chitosan and silk fibroin/chitosan fiber, carbonyl peak of silk
fibroin was shifted to longer wavelength by hydrogen bonding formation between amino
group of chitosan and carbonyl group of silk fibroin. SEM photographs of the surface and
cross-sectional view of the silk fibroin/chitosan fiber and that of chitosan-extracted has shown
the fibril structure of silk fibrion.

The degree of orientation was increased with the take-up speed and tenacity of silk
fibroin/chitosan fiber was about 1.26 g/d. And its average elongation of fiber was about 20%
at break point. Antimicrobial activity was evaluated by using Staphylococcus aureus, and
tested by Shake Flask Method. Bacteria reduction rates of the silk fibroin/chitosan fibers were
about 50%.

Introduction

Nowadays, natural polymers have become more and more important for their rich
resources and many specific properties such as nontoxicity, biodegradability, and good
biological compatibility. Chitosan, poly-(1,4)-2-acetamido-2-deoxy-p-D-glucose, is the
second most abundant natural polymer. Chitosan, structurally cationic polysaccharide, is
produced by alkaline deacetylation of chitin which occurs mainly in the exoskeleton of
crustacea. It is widely used in the fields of medicine, food, materials, cosmestics,
environment, agriculture and also in textile industry because it has antimicrobial activity, low
toxicity, biocompatibility, and cationic character. Silk fibroin, which is derived from
silkworms. Silk fibroin has been used as a high valued textile fiber because of its superior
elasticity, strength, softness, lustre, absorbency and a good affinity for dyestuffs. Recently silk
fibroin is catching the attention as a biosensor system and also a biological compatibility. The
objectives of this study are to select the suitable wet-spun-cosolvent system and spinnable
condition for silk fibroin/chitosan solution and to characterize the theological, mechanical,
microstructure and antimicrobial properties of the fiber formed.

Materials and Methods

Raw silk fibroin was provided by Korea Silk Research Institute. It was degummed by
boiling in 0.3% sodium oleate. Four commercial chitosan samples of similar degree of
deacetylation (DDA) (ca. 85~90%) having different molecular weight were used. Other
chemicals of first grade were used without further purification.
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DDA was determined by the titration method; Chitosan was dissolved in 0.5 mole/L of
0.3 N HCI. Titration was performed with a standard solution of 0.1 N NaOH. There were two
inflection points on the titration curve when pH was plotted against the amount of titrant (0.1
N NaOH). DDA was calculated from the amount of NaOH consumed between two inflection
points.

16%(wt) mixed solutions dissolved in 85% phosphoric acid were extruded directly
into a coagulant bath containing 75% ammonium sulfate. Suitable take up speed at spinning
was from 2~12 m/min. The threadlines were coagulated immediately upon emerging from the
tip of the nozzle (diameter of 0.02 cm and pressure of nitrogen gas was 1 kg/cm®). The fibers
produced were washed several times to remove the residual solvent and coagulant.

The viscosity of the mixed solution was measured by programmable viscometer
(Brookfield Model LV, 25 °C).

The structure of fiber was evaluated by using IR-spectrometer and SEM analysis. The
tensile property and orientation at different take up speed were determined by UTM and X-ray
diffractometer. The antimicrobial property of silk fibroin/chitosan fiber was evaluated by
using Staphylococcus aureus, and tested by Shake Flask Method.

Result and Discussion

The solubility of silk fibroin and chitosan was determined in a number of potential dope
solvents at room temperature. Some cosolvent systems of silk fibroin and chitosan were
chosen among acidic solvents because chitosan is soluble in an acidic condition. Phosphoric
acid was chosen for the suitable cosolvent because the solution was stable up to 2 hrs (Fig. 1).

1400
A Silk fibroin/Chitosan(14/2, w/w)
1200 ® @ Silk fibroin/Chitosan(12/4, w/w)
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Fig. 1. Viscosities of silk fibroin/chitosan mixture with the change of time (spinndle number
6, r.p.m. 1.0, 23°C)
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Suitable spinnable viscosity range was 300~1000 poise and the solution was stable
within 2 hrs. When the viscosity was above 1000 poise, it required a lot of time to remove air
bubbles formed by stirring. And the viscosity was decreased very quickly because of the
degradation of silk fibroin.

16%(wt) mixed solutions dissolved in 85% phosphoric acid were extruded directly
into a coagulant bath containing 75% ammonium sulfate. Suitable take up speed at spinning
was from 2~12 m/min. The threadlines were coagulated immediately upon emerging from the
tip of the nozzle (diameter of 0.02 cm). The fibers produced were washed several times to
remove the residual solvent and coagulant.

Interactions between chitosan and silk fibroin was identified by using the technique of
FT-IR. In FT-IR spectra of chitosan and silk fibroin/chitosan fiber, carbonyl peak of silk
fibroin was shifted to longer wavelength at hydrogen bonding formation between amino group
of chitosan and carbonyl group of silk fibroin for blend fiber (Fig.2). The interaction was
confirmed by observing the SEM photographs of the surface and cross-sectional view of the
silk fibroin/chitosan fiber(Fig. 3).

] | !

4000 3000 2000 1000 400
Wavenumber(cm™)

Fig. 2. FT-IR spectra of silk fibroin, chitosan and silk fibroin/chitosan fiber ((a): silk
fibroin, (b): silk fibroin/chitosan, (c): chitosan)

Tensile strengths of silk fibroin/chitosan fiber was determined by UTM (STM-5,
USA). Tenacity of silk fibroin/chitosan fiber was 1.26 g/d in dry condition and the average
elongation was about 20% at break point (Fig. 4). Elongation at break point was somewhat
irregular because of air bubble, especially when the viscosity of mixed solution was above
1000 poise. The strengths of silk fibroin/chitosan were slightly increased with chitosan
component to silk fibroin. And the degree of orientation and strength of fiber was also
increased with take up speed (Fig. 5).

- 124 -



(a) Silk fibroin/Chitosanfiber

(b) Chitosan-extracted from (a)

Fig. 3 Surface and cross-sectional view of silk fibroin/chitosan fiber and chitosan-extracted

fiber from (a)
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Fig. 4 Tensile properties of the silk fibroin/chitosan fiber with the take-up speed and
component ratio of chitosan and silk fibroin (Chitosan (50 cps)).
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Fig. 5 WAXD equatoria scans of chitosan/silk fibroin fiber (2/14 w/w) with the take-up
speeds

Antimicrobial activity was evaluated by using Staphylococcus aureus, the designated
microorganism for the test, by Shake Flask Method. Bacteria reduction rates of the chitosan

fibers were about 70%. But Bacteria reduction rates at silk fibroin chitosan fiber were about
50% (Fig. 6).
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Fig. 6 Bacteria reduction rates of the silk fibroin/chitosan fibers at different silk
fibroin/chitosan ratio.
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Summary

Paper sheets were prepared from cellulose pulp to which microcrystalline chitosan (MCCh)
had been added (based on the direct introduction method). Alternatively, MCCh was
precipitated on paper sheets at pH 10. In addition, papers containing a gel-like dispersion of
MCCh and proteins (casein or keratin) were prepared.

Dry or wet paper sheets containing MCCh showed improved mechanical strength and
lower swelling as compared with the unmodified paper. Papers with mixtures of MCCh and
protein showed lower water retention values and mechanical strength as compared with papers
prepared with MCCh alone. These differences were lower in wet paper sheets as compared
with dried specimens. The paper sheets prepared according to the direct introduction of MCCh
indicated better susceptibility to the biodegradation. Moreover, the addition of proteins caused
the alteration of the biological decomposition of the paper sheets.

Introduction

Non-degradable composites of paper containing synthetic polymers which are resistant to
enzymatic and microbial actions are widely produced all over the world. Well-known is the
problem with utilization of these products and the necessity for the exploration of new
packaging materials. Chitosan as a natural, biodegradable polymer having polycationic
behaviour becomes an issue of significant interest and importance for applications in the
packaging industry.

The aim of this study was to determine the properties of paper sheets prepared with
addition of microcrystalline chitosan gel-like dispersions (MCCh), including formultions with
proteins (keratin or casein). The alteration of the mechanical properties and the susceptibility
to the biodecomposition of modified paper sheets were determined.

Materials and Method
Chitosan (DD=73.5%, Mv=187 000 Da, WRV=171.1%) was prepared from chitin of
Antarctic krill (Euphausia superba) by heterogeneous deacetylation as described previously
(1

Preparation of paper modified by microcrystalline chitosan (MCCh) with or without
protein: MCCh gel-like dispersion prepared by the method described previously [2] was added
to 1 dm® cellulose fibre suspension (2.4 gedm™, equilibrated to 75 + 2 gem™ of dry paper -
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according to DIN 54358 standard). The amount of MCCh was 0.25, 0.5, 1.0, 2.0, 4.0 or 10
wt% of the dry weight of cellulose. Then the mixture was homogenized using a Rapid
Homogenizer PTI-31 (Paper Testing Instruments GmbH, Austria), according to German
standard ISO 5263, for 10 min at 3000 rpm. Paper sheets were formed using paper-forming
machine V/8/76 (Paper Testing Instruments GmbH, Austria) based on ISO 5269/2 and DIN
54358 standards (Figure 1). The paper sheets were dried at 0.96 bar and at 93.0 + 0.05 °C for
9 min and then air-dried in accordance with DIN 50014 standard. MCCh gel-like dispersion
containing 20 wt% proteins (casein or keratin) for paper modification was also used.

Figure 1. Paper-forming machine V/8/76 (Paper Testing Instruments GmbH. Austria):

1) water container, 2) water heater, 3) forming cistern (10 dm®), 4) vacuum valve,
5) vacuum indicator, 6) indicator of water valve, 7) SPS console, 8) temperature
indicator, 9) indicator of drying range, 10) time indicator for drying, 11) cover
lock, 12) lock of forming cistern, 13) Silicon plate for paper forming, 14) forming
roller, 15) ”START” button for pump 1, 16) ”STOP” button for pump 1, 17)
”START” button for pump 2, 18) ”STOP” button for pump 2, 19-20) Option of
run (0 — ”Automatic”, 1 — "Manual”), 21) Option of water course (0 — “fresh
water”, 1 — “circular water”), 22) main switcher, 23) drying console, 24) ”START’
button for drying, 25) ”STOP” button for drying, 26) vacuum valve, 27) ”STOP”
button for automatic run, 28) "START” button for automatic run, 29) 6-position
scale for manual run.

Preparation of paper modified by precipitation of MCCh: To the cellulose-fibre
dispersion (2.4 g of dry weight) 50 cm’ distilled water was added and the mixture was adjusted
to pH=5.0 by adding of 1 wt% aqueous acetic acid during agitation. Then, a 1.0 wt% aqueous
solution of chitosan acetate (1.0, 2.0, 4.0 or 10.0 wt%, resp., of dry fibre weight), with or
without 20 wt% protein (casein or keratin), was added. The cellulose-chitosan pulp was stirred
overnight under vigorous agitation and then an aqueous solution of NaOH (2 wt%) was added
dropwise until pH=10.0. Cellulose-MCCh pulp was stirred for 1 h and the pH was lowered to
8.0 with 1 wt% aqueous acetic acid solution. The suspension was filled up to 1 dm’.
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Homogenization and paper-forming procedure was carried out according to the condition
described above.

Biological decomposition of paper sheets containing MCCh, with or without proteins,
in communal waste (mineralization test).: The paper sheets containing MCCh with or without
proteins (casein or keratin) prepared according to the direct introduction or precipitation of
MCCh were used during this stage of study. As a reference, a cellulose sheet prepared by a
similar procedure was used [3]. The investigated sample was milled using the Analytical Mill
(IKA-WERK GmbH - Germany) at 20 000 rpm for 2 min before introduction to the sapromat.
25 mg of sample was kept with the inoculum in the reaction vessel (containing manometer) in
the sapromat containing phosphate buffer and trace elements. Then the medium was filled up
to 250 cm® using distilled water to obtain a concentration of 100 mgedm™. As inoculum, 2.5
cm’ fresh, unclear slime obtained from sewage-treatment plant Stahnsdorf per vessel was used.
The decomposition was carried out during 24 days at 25°C. The CO, was absorbed with soda.
The consumption of oxygen causes the reduction of the gas volume in the reaction vessel that
trough the electrolytic production of oxygen is balanced, so that the volume of gas in the vessel
is constant. The demand for the current during the electrolysis responds to the biological
demand on the oxygen and it is recalculated to (mg O,edm™ = mg 0,100 mg™ investigated
substance). The theoretical demand on the oxygen is determined by elementary analysis. The
consumption of oxygen for inorganic media and inoculum was measured using a reference
sample without addition of other substances containing carbon. The difference between
biological and theoretical demand for oxygen responds to the degree of the biological
decomposition of films or paper sheets.

Results and Discussion

The retention yield of MCCh was considerable higher for paper sheets prepared by means of
precipitated chitosan with a lower magnitude of the initial chitosan dose. For initial
concentration higher than 4-wt%, the highest productivity was yielded by the direct MCCh
introduction method. The modification of MCCh gel-like dispersion by protein affected a
decreasing tendency in the MCCh retention rate, especially for casein, resulting in the best
linkage of protein with MCCh and the blockade free amine groups of chitosan (Figure 2).

The mechanical strength of paper sheets prepared according to the direct introduction
as well as precipitation of MCCh increases at least 80% compared with non-covered paper
sheets. When the highest amount of MCCh was added, the increase in Young's module by ca.
43% and burst resistance by ca. 85% were observed, whereas the precipitation method yielded
increase by only 24% of Young's module and 48% of burst resistance (Table 1., Figs. 3 and 4).

The direct introduction of MCCh with a concentration from 0.25 wt% to 4 wt%
resulted in increase in mechanical strength. However, further increase in chitosan content did
not significantly increase this parameter.

Because of the rupture role plays water molecules during the paper formation, it was
important to investigate the mechanical properties of paper sheets in high humidity.

Increase in humidity caused a reduction in burst resistance and Young's module of
paper sheets and a weak increase in elongation at break. However, the increase of the
mechanical properties compared to the reference remained. The lowest reduction in burst
resistance and Young's modules was observed for all paper sheet samples containing MCCh
with incorporated proteins. The introduction of protein affected a reduction of the distinction
between the mechanical properties at low and high rel. humidity (Figure 5.).
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Figure 2. Introduction of MCCh vs. retention of MCCh in the paper sheets

Table 1. Mechanical properties of paper sheets produced with different amount of MCCh with
or without protein at rel. humidity of 60%

Concentration of MCCh Elongation at Burst resistance Young's module
break (MPa) (MPa)
(%)
Direct introduction method
0 1.79£0.15 7.20+0.28 1190 + 100
0.25 1.85+0.19 7.23 £0.26 1110 £ 90
1.0 1.85+0.18 7.37+0.20 1080 + 100
2.0 1.73+£0.20 8.20 + 0.47 1100 + 150
2.0 containing casein 1.85+0.29 7.70 £ 0.40 1330+ 115
2.0 containing keratin 1.00£0.20 5.50+0.70 1170 + 80
4.0 236 +0.31 10.56 £ 0.39 1310+ 100
4.0 containing casein 1.74 £0.37 7.90+0.70 1330 £+ 50
4.0 containing keratin 2.00+0.10 8.80 £ 0.30 1340 = 60
10.0 2.57+0.19 13.32 £ 0.56 1700 + 130
Precipitation method

0 1.79+£0.15 7.20+0.28 1190 + 100
1.0 2.27+024 7.70 £ 0.49 960 + 120
2.0 243+£0.14 9.54+0.22 1310+ 102
2.0 containing casein 230+0.20 8.20+0.30 1010 + 180
2.0 containing keratin 1.90+£0.30 7.70 £0.30 1130+ 120
4.0 236+0.24 10.88 +£ 0.41 1340 + 180
4.0 containing casein 2.20£0.20 9.80+0.50 1300 £ 200
4.0 containing keratin 2.00+0.20 8.70 £ 0.30 1230 + 150
10.0 2.20£0.38 10.69 + 0.42 1480 + 150
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Figure 3. The influence of the concentration of MCCh on mechanical properties of paper
sheets prepared by direct introduction method
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sheets prepared from suspension of fibres with precipitated chitosan
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Figure 5. Mechanical properties of paper sheets in wet form prepared by the MCCh direct
introduction method

A similar phenomenon was observed for paper sheets prepared according to the
precipitation of MCCh. (Figure 6.).
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Figure 6. Mechanical properties of paper sheets in wet form prepared by the MCCh
precipitation method

A cross-section of the samples allowed their morphological analysis (Figure 7.).
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a) b)
Figure 7. Microphotographs of: a) cellulose fibres (x100), b) cellulose fibres with direct
introduced MCCh gel-like dispersion prepared in a bath containing 20 wt% casein
(x100), c) cellulose fibre with precipitated MCCh gel-like dispersion prepared in a

bath containing 20 wt% casein (x100)

The coat-like structure of MCCh was observed among the separated fibres of the paper
sheets containing its high amount. At lower concentration of MCCh, the surface of fibres was
smoother, deprived of thinner fibres, which frequently was sticed together. The direct
introduction method resulted in the “web”-like structure but the precipitation of MCCh gel-like
dispersion preferred the formation of coating fibres. The coat-like fibres are often visible for
the papers sheets prepared by the introduction of protein.

The biological degradation of paper sheets lead to fast decomposition (65%-83%)
similar to cellulose paper used as a reference sample (Fig. 8).
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Figure 8. Biological decomposition of paper sheets prepared by direct introduction (DI) or
precipitation (P) of MCCh, with or without proteins
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The susceptibility to biodecomposition depended mainly on the method of MCCh
addition applied. Moreover, the effect of the increase in swelling behaviour was also shown for
acceleration of the degradation of the unmodified MCCh. This phenomenon is confirmed by
the observation carried out by optical microscope. The coat-like composition of precipitated
MCCh onto cellulose fibres affected a decrease in the decomposition, but web-like structure
caused more <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>