INTRODUCTION

ENZYME IMMOBILIZATION
Entrapment of bioactive molecules, such as enzymes, drugs and peptides, in polymeric matrices has been employed in pharmaceutical, food, biomedical and chemical fields for many years.

Over the past years, chitosan has attracted the greatest attention as a potential matrix for immobilization and controlled release of numerous bioactive compounds (Kas 1997; Onishi 1997; Ghanem 2004).
Chitosan is a polysaccharide obtained by partial or complete deacetylation of chitin. It is a copolymer of ß-(1→4)-linked N-acetyl-D-glucosamine and D-glucosamine that exhibits several favorable properties including biodegradability, lack of toxicity and mucoadhesiveness. Therefore it finds large employment in biomedical and food applications.
The use of chitosan gel matrices for entrapment of enzymes and bioactive molecules has been largely studied and it has been found to possess good entrapment efficiency. An immobilized enzyme catalyst requires retention of the enzyme and diffusion of the substrate into the matrix.

The polymeric matrices were prepared by ionic gelation of different molecular weight chitosans with tripolyphosphate (TPP).
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 TPP is used as crosslinker for its non-toxicity and fast gel ability. The method is mild and do not require organic solvents or toxic crosslinking reagents. The hydrogel shape and size depend upon several parameters such as chitosan molecular weight and chitosan and TPP solution pH and concentration. With low molecular weight chitosan the crosslinked particles have a peculiar donut shape. Therefore, the aim of this work is to study the activity of glucose oxidase (GOX) immobilized in chitosan hydrogels and compare it in the different morphologies, in order to understand the influence of particle shape on the enzyme efficiency.
MATERIALS
Chitosan, low molecular weight (Aldrich) was used after purification (see below) 

Penta-Sodium Triphosphate (Fluka) was used as received.

Hydrochloric acid, 1N (Aldrich) was used as received.

Sodium hydroxide, 1N (Aldrich) was used as received.

Acetic acid glacial, 100% (VWR BDH Chemicals) was used as received.

Sulfuric acid, 98% (Fisons Scientific Equipment) was used as received.

Sodium Chloride (VWR BDH Chemicals) was used as received.
Double distilled, Milli-Q water was employed.

METHODS
CHITOSAN PURIFICATION

A 1.25 % chitosan solution was prepared by dissolving 5g of chitosan (MW 495 (?), DD 90%, SIGMA) in 400 ml of CH3COOH 2% (w/v) at room temperature with a magnetic stirrer. Once the chitosan was completely dissolved, the solution was re-fluxed for 15 minutes in order to denature any present proteins. The resultant mixture was centrifuged for 10 minutes at 4500 rpm in order to separate the insoluble materials from the chitosan solution. The supernatants were collected and NaOH 1 M was added till the pH was 9 to precipitate chitosan. The precipitated polymer was recovered by centrifugation, washed with water several times, until the pH of supernatant was 7 and its conductivity reached the water value, and lyophilized.
DEPOLYMERIZATION OF CHITOSAN
In order to prepare chitosan/TPP donuts some purified chitosan was depolymerized. A 1% chitosan solution was prepared by dissolving 5g of low molecular weight chitosan (SIGMA) in 500 ml of CH3COOH 1% (v/v) at room temperature with a magnetic stirrer. Once the chitosan is completely dissolved, the solution was boiled for 15 minutes in order to denature any present proteins. The solution was then cooled and centrifuged at 4500 rpm for 12 minutes. The supernatants were transferred in a conical flask and NaNO2 was added, in order to obtain a NaNO2 concentration of 2.5 mM (in particular 0.08796 g of NaNO2 were dissolved in 10 ml of CH3COOH 1% and the solution was added to chitosan solution). The reaction was performed under magnetic stirring at room temperature for 12 hours. NaOH was added to reaction mixture till pH 8, in order to stop the reaction and let chitosan precipitate. The resultant mixture was then ultra filtered by using a membrane with a cut off 10 kDa at 1.5 Pa. The product was consistently washed with distilled water and then dried by lyophilization.
CHARACTERIZATION OF DEPOLYMERIZED CHITOSAN
Determination of molecular weight of chitosan
To determine intrinsic viscosity ([)of the depolymerized chitosan, the lyophilized sample was dissolved in 0.25 M CH3COOH / 0.25 M CH3COO- NA+ buffer at different concentrations and tested with an Automated Micro Viscometer (Anton Paar AMVn). The capillary tube used had a diameter of 1.6 mm and the golden ball of 0.78 m. The test was performed at 25 oC and the time taken for the ball to move between the fixed points within the capillary tube filled either with the solvent or sample was measured at an inclination angle of 30o. Five different concentrations of chitosan solution were prepared via serial dilution and investigated in quadruplicate:
0.25 M CH3COOH / 0.25 M CH3COO- NA+: density = 1.019 g/ml

5 mg/ml chitosan solution: density = 1.016 g/ml

In the following table, analysis results are reported:
	  c (g/ml)
	      T (s)
	    t-t0 (s)
	spec
	 red (ml/g)
	rel
	inher (ml/g)

	 0.00159
	   19.01
	   1.68
	  0.0969
	    60.94
	   1.097
	      58.19

	 0.00211
	   19.54
	   2.21
	   0.128
	    60.66
	   1.127
	     56.66

	 0.00282
	   20.44
	   3.11
	   0.179
	    63.48
	   1.179
	     58.39

	 0.00376
	   21.56
	   4.23
	   0.244
	    64.89
	   1.244
	      58.06

	 0.00507
	   23.28
	   5.95
	   0.343
	    67.65
	   1.343
	      58.16


Where:  t = flow time of the solution

             t0 = flow time of solvent
            spec = (t- t0) / t0

            red = spec / c

rel = t/t0
inher = (lnrel) / c

The intrinsic viscosity was determined by Huggins plot ( red vs c) being the intercept on the ordinate at c=0.
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The viscosity-average molecular weight (v) of depolymerised chitosan was calculated using the classical Mark-Houwink equation:   

                                                                    [v)a
where K and a are constants for given solute-solvent system and temperature. In this case: a = 0.79 and K = 0.0157 ml/g (Kasaai, Arul et al. 2000)
The viscosity-average molecular weight was therefore calculated as follows:

                                vkDa
Determination of degree of deacetylation
In order to assess any structural modification occurred during the depolymerization process, IR and 1H NMR spectra of original and depolymerised chitosan were recorded.
FTIR spectroscopy

A Tensor 27 FTIR spectrometer (Bruker) was used to scan the samples at a number of scan of 32 at a resolution of 4 cm, within the range of wavenumber of 4000-600 cm-1. Before scanning the samples, a background scan was perfomed in order to ensure that the signal was corrected for air e.g. carbon dioxide. 
To calculate the deacetylation degree (DD) of both original and depolymerized chitosan by IR, a reference band (RB), not changing intensity with DD, and a probe band (PB), changing its intensity with DD, have to be chosen in the spectra. The absorbance of PB and RB are calculated by the baseline method (BL). But the choice of the best PB, RB and baseline combinations is not obvious and this is demonstrated by the great number of Abs PB/ Abs RB ratios which have been used so far (Shigemasa, Matsuura et al. 1996). 
Duarte et al. constructed many calibration lines Abs PB/ Abs RB versus standard DA, values obtained from the optimised 13C NMR spectra, and calculated the correspondent R2 in order to evaluate the best combination of PB(BL) and RB(BL). (Duarte, Ferreira et al. 2002)
In accord with their results the carbonyl stretching, C=O (amide I) at around 1655 cm-1, which clearly changes its intensity, has been taken as probe band and the C-H stretching band around  2878 cm-1 as reference band. The last one lies in a very complex region of the spectrum where many bands due to stretching of different CH appear, but it has been demonstrated that it doesn’t change its intensity with DD. Baselines used are the 1 and 5 shown in figure.
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Relative intensity, I, of the peaks of the probe and reference band is taken as the ratio between the absorbance of probe to reference band. 

I = Abs 1655cm-1 / Abs 2878cm-1
% DD was determined from the following equation:
%DD = [1- (Ichitosan / I chitin) (


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 IchitinI LMW SIGMA chitosanI depolym LMW chitosan


%DD DEPOLYM LMW CHITOSAN = (1-1.276/4.979) ( 100 = 74.4%
%DD LMW  SIGMA CHITOSAN = (1-1.300/4.979) ( 100 = 73.8%                         
1H NMR  spectroscopy
1H NMR measurements were performed in order to evaluate the deacetylation degree of chitosan, before and after the depolymerization reaction. 10 mg of polymer were dissolved in DCl/D2O 2% (w/w) and spectra were recorded on a 300 mHz Bruker spectrometer at room temperature.
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The figures below show the 1H NMR  spectra  of low molecular weight chitosan purchased from SIGMA and depolymerised low molecular weight chitosan.
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The degree of deacetylation was calculated from the equation (1) by using the integral intensity of the band corresponding to acetyl protons (I CH3) and  the sum of integral intensities of H2, H3, H4, H5, H6 and H6’ protons (I H2-H6 ).

DD (%) = {1 – [(I CH3 /3) / (I H2-H6 /6)]} ( 100

%DD LMW  SIGMA CHITOSAN:  I CH3 =  1.00 ;  I H2-H6 = 12.52   (  84%
%DD DEPOLYM LMW CHITOSAN:  I CH3 =  0.10 ;  I H2-H6 = 1.16  ( 83%

CHITOSAN BEAD PREPARATION
Chitosan/TPP beads and donuts were prepared using an encapsulation device (Inotech Encapsulation) based on laminar jet break-up induced by applying a sinusoidal frequency with defined amplitude to the nozzle. The figure below shows the utilized system.
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The polymer solution is put in the syringe and forced into the pulsation chamber either by a syringe pump or by air pressure. The liquid then passes through a precisely drilled nozzle and separates into equal size droplets on exiting the nozzle. These droplets pass through an electrical field between the nozzle and the electrode  resulting in a surface charge. Electrostatic repulsion force disperse the beads as they drop to the hardening solution. 
Particle size is controlled by several parameters such as nozzle diameter, vibration frequency and amplitude, flow rate and polymer physical properties. 
On the basis of previous results chitosan/TPP beads were prepared by using a high molecular weight chitosan solution 1%  at pH 4 and a TPP solution 2.5% at pH 7 as hardening bath.

The performed experiments are reported in the table below:

	Samples
	Nozzle diameter
	Syringe
	Vibration freq
	Flow rate
	Electr charge

	         1
	    200 nm
	      large
	      1077
	        219
	        0.86

	         2
	    200 nm
	      large
	      1077
	        219
	        0.96

	         3
	   200 nm
	      large
	      1077
	        209
	        0.96

	         4
	   200 nm
	      large
	      1077
	       209
	        0.86


The average size of particles was determined analiyzing the following microscope images, by means of imageJ software. 
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Figure.  Micrographs of beads obtained by ionotropic gelation of a chitosan solution (1%, pH 4) and a TPP solution (2.5%, pH 7) as hardening bath.
The images show that all the samples have a similar degree of polydispersity. However, the procedure used for the preparation of beads 1 and 4 leads to the formation of a larger number of regularly shaped particles.
CHITOSAN DONUT PREPARATION
Chitosan/TPP donuts were prepared by using previously depolymerized chitosan solutions at pH 6 and different concentrations and 0.8 % TPP solutions at different pH values. 

The encapsulator conditions for the donut preparation are reported in the following table

	     Nozzle
       (nm)
	      Syringe
	Vibration frequency
	    Flow rate
	  Electr charge 

       (kV)

	        200 
	       large
	      1077
	       190
	       0.96


The obtained particles were washed and observed at microscope. The following images show that the percentage of particles with expected shape increases with increasing of chitosan concentration. The best results seem to be obtained by using TPP at pH5 and higher chitosan concentration.






CONCLUSIONS

In this part of the research activity, the aim was to determine the main parameters which controls the formation of donuts structure in chitosan beads obtained by droplet precipitation and crosslinking. We have confirmed that nitrite depolymerization occurs while preserving the deacetylation degree. Moreover, it seems that the formation of donuts is favoured by increasing concentration of chitosan solution, while an increase in pH of the polyphosphate coagulation bath reduces the diameters of the obtained donuts.
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