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The covalent binding of trypsin to cellulose beads after periodate oxidation was examined . The 
degree of cellulose derivatives solubilization is directly related to cellulose oxidation and increases 
with the increasing pH of the reaction mixture. The quantity of trypsin immobilized was exa
mined as a function of pH, reaction time, and concentration of native trypsin in the reaction mix
ture during the coupling reaction. The catalytic activity and the stability of the preparations of 
immobilized trypsin during continuous hydrolysis of low-molecular-weight and high-molecular
-weight substrates was assayed . 

In an effort to obtain a solid support suitable for routine applications we decided to 
investigate the coupling of enzymes to cellulose prepared in be~d form l - 3 which is 
in many respects superior to the conventional cellulose preparations. As can be de
rivedfrom literature data4

-
7 the optimal coupling conditions will depend bothon the 

characteristics of the cellulose used and on the properties of the protein attached. 
In order to be able to compare the properties of various cellulose derivatives we used 
in this study trypsin, one of the enzymes most often immobilized on periodate-oxi
dized celluloses ,6. 

EXPERIMENTAL 

Material: Cellulose in bead form was prepared in the Institute of Macromolecular Chemistry, 
Czechoslovak Academy of Sciences, Prague, by dispersion of a cellulose (viscose) xantho
genate solution in chlorobenzene, solidifying the suspension by heating at 90°C for 30 min, and 
completion of the cellulose regeneration in the absence of organic solvents . Viscose was made of 
a mixture of spruce cellulose sulfite (65%) and beech cellulose sulfate (35%), polymerization degree 
750 and 600, respectively. The viscose contained 8·0 to 8'3% of cellulose, 6'0-6'2% of NaOH, 
and 2'3- 2'4% of S. Cellulose beads were freed of traces of chlorobenzene after dispersion by 
distillation with water vapor. Excess water was centrifuged off. The beads contained 85% of water. 
A fraction of particle size 0·17-0·31 mm was separated by sieving of the cellulose in wet state. 

Lyophilized trypsin was a product of Leciva (Prague, Czechoslovakia) and its activity determi
ned with Na-benzoyl-D,L-arginine p-nitroanilide (BAPA) as substrate at pH 8 according to Erlan
ger and coworkers8 was 1·99 Ilmol jmin per mg. 
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Oxidation of cellulose: Swolen cellulose beads were washed on the filter with water and filtered 
off. The wet cellulose beads (10 g) were treated with 100 ml of 0'IM-NaI04 and the suspension 
was mildly shaken for 1, 2, 4, and 24 h at room temperature. The oxidized gel was placed in 
a column and washed with water until the conductivity of the eluant was the same as the conducti
vity of water. The oxidized cellulose was stored as a suspension in water at 4°C, 

Coupling of trypsin to oxidized cellulose asfunctioll afpH: was examined in the following buffers: 
0'05M sodium acetate, pH 4·0 and 5'6, 0'05M borate, pH 7'6, 8'4, 9'0, and 10'0, all containing 
O'OOIM benzamidine. The buffers at pH 4-7,6 contained 0'02M-CaCI2 , the remaining buffers 
O·005M-CaCI 2 . Wet, filtered-off cellulose beads (0'5 g, corresponding to 67 mg of dry cellulose) 
oxidized for 1 h and equilibrated at the required pH were mixed with 6 ml of the trypsin solution 
(3 mg/12 ml) at the corresponding pH, and placed in a centrifugation tube. The suspension was 
~tirred at room temperature. The residual activity of uncoupled trypsin was determined at time 
intervals with BAPA as substrateS in the supernatant after centrifugation of the suspension. 
The trypsin solution (6 ml) to which 0·5 g of wet, unoxidized cellulose (equilibrated at the required 
pH) had been added served as a control; this activity measured at the corresponding time intervals 
was taken to represent 100% (Fig. 1). 

Solubility of aldehyde-cellulose as function of pH, buffer molarity, and time of oxidation: The 
wet ceI\ulose (0' 5 g) oxidized 1 or 4 h was suspended in 50 ml of each of the buffers given in Table I. 
The suspensions were shaken 4, 8, or 24 h at room temperature. The samples of cellulose were 
then transferred to centrifugation tubes, washed five times with 10 ml of water, ethanol solutions 
of increasing concentration, and dried to constant weight. A O' 5 g sample of wet oxidized cellulose 
washed with water only was treated in the same manner. The weight of this sample was taken to 
represent 100%. The weight loss (% w/w) as a function of pH, ionic strength, and time of oxidation 
is shown in Table I and Fig. 2. 

Couplillg of trypsill to aldehyde-cellulose as functioll of coupling time: Aldehyde-cellulose 
(1 ml), oxidized 1 h in 0'IM-NaI04 , was suspended in 10 ml of a solution of 10 mg of trypsin in 
O·IM borate buffer, pH 10, containing 0·005M-CaCI2 and O'OOIM benzamidine. The coupling was _ 
aI\owed to proceed 1, 2, 4, 9, 26, or 46 h at room temperature with constant stirring (Fig. 3). 

TABLE I 

Dependence of Solubilization (% w/w) of Aldehyde-CeI\ulose on the Time of Oxidation and on 
the Time of Solubilization 

Oxidation for 1 h Oxidation for 4 h 
Solvent 

4h 8h 24h 4h 8h 24 h 

O'IM Phosphate, pH 7 2-4 4'7 7-4 8·8 16·9 23-3 
O'IM Phosphate, pH 8 11·7 14·0 15·7 22·0 33.7 41'7 
O' IM Borate, pH 9 14·3 16'0 17·9 37-4 44'0 50·9 
0'05M Borate, pH 10 21·1 22'2 22·8 45·8 48'5 53·1 
O·IM Borate, pH 10 19·2 20·4 22·6 45·2 48 '7 54·5 
0'05M Carbonate, pH 10 20'1 20·9 21-8 43·0 47·0 78·5 
O'IM Carbonate, pH 10 20'9 21'9 23·5 44·5 46·5 74'3 
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The stabilization of the bond and the elimination of the remaining aldehyde groups were effected 
by two additions of NaBH4, as described by Royer and coworkers 7 • The suspension was treated 
first with 5 mg of NaBH4 and the same quantity of the reagent was added 20 min afterwards. 
The mixture was set aside for 20 min, immobilized trypsin was transferred to a column and washed 
alternatively with O' lM Tris-HCI buffer, pH 8'0, containing 2M-NaCl and 0'02M-CaCI2 , and with 
O'lM acetate buffer, pH 4'0, containing 2M-NaCl and 0'02M-CaCI2 " Immobilized trypsin was 
washed with O'lM Tris-HCI buffer containing 0'02M-CaCI 2 and stored as a suspension in this 
buffer at 4°C. 

Coupling of trypsin to aldehyde cellulose as function of trypsin concelltratioll of coupling mixture 
was effected as described above except that the coupling time was 4 h and the trypsin concentration 
10,20, 50, 75, or 100 mg/10 ml (Fig. 4). 

Activity of free alld immobilized trypsin was determined with BAPA as substrate using the 
modified 9 method of Erlanger and coworkers8 . Solutions of BAPA (I . 10-3M) in Britton-Ro-

60 

%w/W 

o 40 min 80 

FIG. 1 

Time Course of Trypsin Attachment to 
Periodate-Oxidized Cellulose as Function 
of pH 

The coupling was carried out at pH 10·0 
(6), 9·2 (5), 8·4 (4), 7·6 (3) , 5·6 (2), pH 4·0 
(1) and at room temperature. The activity 
(%) in supernatant is given on the y axis. 
In each case the activity of a control solution 
of trypsin in the same buffer to which the 
same amount of unoxidized cellulose was 
added is taken to represent 100%. 
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FIG. 2 

Time Course of Solubilization of Period ate
-Oxidized Cellulose Samples (% w/w) as 
Function of Oxidation Degree and pH of 
Buffers. 

For pH 7 and 8: O' lM phosphate buffers; 
for pH 9 and 10: O'IM borate buffers. Cellu
lose after oxidation with 0'lM-NaI04 for 
1 h (0 ), and 4 h (.); at room temperature. 
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binson buffers, pH 4-11, were employed for the determination of trypsin activity as function of 
pH. 

Binding capacity: The quantity of enzyme attached was determined by amino acid analysis. o. 
The gel samples for analysis were washed with water, ethanol, I-butanol and ethanol, and dried 
to constant weight at !05°C; subsequently the samples were hydroly~ed in 6M-HCl, 20 h at llO°C. 

Determination of stability of immobilized trypsin: The assays were carried out continuously 
with immobilized trypsin (activity determined with BAPA as substrate 150'5Ilmol/min per g of 
dry cellulose at pH 8) packed in a jacketed column; the substrate was passed through the column 
(5 ml) at a flow rate of 0·5 ml /min and at temperature of 37°C. The substrate concentrations in 
O' IM-Tris-HCl buffer, pH 8, were BAEE 5 . 10- 5M and denatured haemoglobin 2 . 10-5M. The 
effluent was period ically removed and analyzed for benzoylarginine (measurement of absorbance 
increase at 254 nm) or presence of soluble peptides in the trichloroacetic filtrate after haemoglobin 
precipitation (measurement of-absorbance at 280 nm). 

RESULTS 

In order to be able to compare our polyaldehyde cellulose derivative with analogous 
derivatives of cellulose used earlier we examined the attachment of trypsin as function 
of pH, Fig. I . Even though all experiments were carried out at room temperature 
the activity of control trypsin solutions (100%) in the individual buffers containing 
benzamidine, calcium ions, and an analogous quantity of un oxidized cellulose, did not 
decrease over the period examined. The rate of Schiff base formation by the reaction 
of the aldehyde groups of the polysaccharide carrier with the amino groups of the 
enzyme!! increases with the increasing pH. The activity increase in suspension at 
pH 10 can be ascribed to the solubilization of the derivative of immobilized trypsin : 
The quantity of trypsin attached, determined by amino acid analysis, was 12·5 mg 
of protein per g of dry material at pH 10 and 6·6 mg per g at pH 8-4. 

The yield of the immobilized preparation decreases with the increasing oxidat ion 
period and pH. As can be seen in Table I the quantity of aldehyde-cellulose in solution 
increases with the increasing pH and with the prolongation of the oxidation period. 
Analogous results were reported by Torchilin and coworkers!2 who investigated the 
dependence of solubility of aldehyde-Sephadexes on varying oxidation degree over 
the pH-range 6- 8,2. These authors prepared homogeneous samples of immobilized 
ex-chymotrypsin in solubilized state which had high enzyma'tic activity, unaltered 
kinetic characteristics, and increased thermal stability. According to Torchilin and 
coworkers!2 the preparations of immobilized enzymes capable of slowing down 
and easily controlling solubilization could have a wide ' range of medical application. 

Solubilization is most undesirable if immobilized enzymes are prepared. Fig. 2 
shows the time profile of the release of soluble fragments of oxidized cellulose as a 
function of pH; preparations oxidized 1 and 4 h are shown. As obvious, the oxidation 
time should not exceed 1 h. The data given in Table I show that there is practically 
no difference between the 0'05M and 0'1M buffer at pH '10. There were differences 
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between the borate and the carbonate buffer, which were observed after 24 h only. 
But when trypsin was coupled to oxidized cellulose at pH 10 the results obtained with 
the carbonate buffer were always worse than with the borate buffer. 

The quantity of trypsin attached to aldehyde cellulose and the activity of the prepa
rations obtained as a function of coupling time are shown in Fig. 3. The curve shows 
a maximum at 4 h. A decrease of the quantity of protein attached with the increasing 
coupling time has been observed by Torchilin and coworkers12 studying the attach
ment of a-chymotrypsin to periodate-oxidized Sephadex; they showed that the posi
tion of the maximum can be shifted either toward longer intervals by a reduction 
of the degree of aldehyde-Sephadex oxidation or to shorter intervals by raising the 
enzyme concentration or temperature of the reaction . As shown in Fig. 3 the decrease 
of the activity of immobilized tryp~in is faster than the decrease of the quantity of 
protein attached . . 
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FIG: 3 

Quantity of Immobilized Trypsin (Q, in mg 
of protein per g of dry conjugate, e) and Its 
Activity (A, in Ilmol/min, g determined with 
BAPA; 0 ) as Function of Coupling Time 

Reaction conditiohs: 1 ml of aldehyde
-cellulose (oxidized 1 h) in' 10 ml solution of 
trypsin (10 mg) in O'lM borate buffer, pH 10, 
containing 0'005M-CaCI2 and 0'001M benza
midine;stirred at room temperature. 
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FIG. 4 

Quantity of Immobilized Trypsin (Q, in mg 
of protein per g of dry conjugate, e) and Its 
Activity (A, in J.!mol/min, g determined with 
BAPA, 0) as Function · of Enzyme Content 
of the Reaction Mixture 

The yield of the protein bound (Y, in %) 
was determined from mass balance and is 
also shown in the figure «() . Reaction condi
tions: The same as given in. legend to Fig. 3, 
coupling time 4 h. 
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The quantity of protein bonded to the carrier and the activity of immobilized trypsin 
derivatives as a function of the quantity of protein present in the reaction mixture are 
shown in Fig. 4. The quantity of immobilized protein levels off at high trypsin con
centrations in the coupling mixture while its activity, determined with BAPA, de
creases. The preparations of low trypsin content show a high relative activity (98 ·8% 
with respect to BAPA); with the increasing quantity of trypsin attached the activity 
decreases and the preparation containing 262·5 mg per g of dry conjugate shows 
a relative activity of 58· 3%. Fig. 4 also shows the yields of protein bound in % deter
mined from mass balance; they are relatively low and almost the same for all the 
preparations. There is practically no shift of the curve which shows the activity of 
immobilized trypsin, determined with BAP A, as function of pH, no matter whether 
preparations of the lowest or the highest activity are assayed, Fig. 5. 

When the stability of trypsin attached to periodate-oxidized cellulose was assayed 
by continuous hydrolysis of the BAPA solution at 37°C, the activity dropped to 50% 
in 8 days. When the continuous hydrolysis of a solution of denatured haemoglobin 
examined at 37°C, this decrease was observed after 24 days. The columns of trypsin
-oxidized cellulose did not loose their good flow characteristics during the whole 
experiment with continuous hydrolysis. 

Van Leemputten and Horisberger6 were the first to show the necessity of stabili
zation of the bond of trypsin to oxidized cellulose by NaBH4 when these immobilized 
preparations are to be used for the hydrolysis of protein substrates. We have exa
mined the loss of binding capacity of oxidized cellulose brought about by the reduction 
of aldehyde groups by NaBH4 under the conditions described. Since the quan+ity 
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FIG. 5 

Catalytical Activity A (with respect to BAPA) 
of Trypsin (--) and Trypsin Covalently 
Bonded to Aldehyde-Cellulose (- - -) as 
Function of pH 

The quantity of immobIlized enzyme 
36 mg (0) and 218·5 mg «) per g of dry gel. 
Activity of free trypsin 1·99 I!moljmin per mg 
at pH 8, determined with BAPA. Activity 
ratio of bound to free enzyme. 98·8% (1) and 
75·7% (3) (activity determined with BAPA). 
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of NaBH4 required depends on the oxidation degree it is advantageous to determine 
the minimum quantity for each preparation; high doses of NaBH4 could unfavorably 
affect the activity of the immobilizEd enzyme. 

It may be concluded from our results that periodate-oxidized cellulose beads are 
a suitable polysaccharide carrier for the attachment of enzymes; it should be born 
in mind though that lOSSES may occur because of solubilization of the preparations 
oxidized for longer periods, especially in solutions at high pH. 

We thank Miss J. ClllIndelovd for skilful technical assistance, Mr J. Zbroi ek, Mrs V. Geillarovd, 
and Mrs E. Drskovdfor the amillo acid analyses. 
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