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Cotton yarn was first oxidized by sodium periodate to introduce aldehyde groups which were able to
react with amino groups of trypsin to form Schiff’s base, and result in cotton yarn immobilized trypsin.
The effect of periodate oxidation on the chemical and physical properties of cotton yarn was evaluated by
determining aldehyde group content, fineness and tensile strength of yarn. Measurements of protein load
from Bradford assay and catalytic activity in hydrolysis of N-a-benzoyl-pL-arginine p-nitroanilide were
made for the immobilized enzyme. The maximum amount of immobilized trypsin was 6.1 mg/g dried
cotton yarn. Trypsin immobilized on oxidized cotton yarn retained 90% and 72% of the initial activity at
4°C and 25°C, respectively, over 60 days of storage in physiological solution.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Cellulose is the most abundant natural, renewable and
biodegradable polymer in the world. It has been used as a material
for centuries in all kinds of practical applications. Social con-
cerns for sustainable green products are encouraging the efficient
exploitation of cellulose (Hon, 1994).

Cellulosic materials are generally strong, hydrophilic, insoluble
in water, stable to chemicals, safe to living bodies, reproducible,
recyclable and biodegradable. With these specific and advan-
tageous characteristics of cellulose, modification techniques to
reinforce these original properties or to add new functionalities to
cellulose have been investigated. Chemical treatments have been
positioned at the center of the field of cellulose modification (Hon,
1996; Isogai, 2001).

Chemical modification of cellulose using oxidizing agents is
quite a frequent procedure in cellulose chemistry. During the oxi-
dation of cellulose, aldehyde, ketone and carboxyl groups may be
formed in the cellulose, depending on the nature of the oxidant and
the conditions of oxidation. Most oxidations proceed with rather
low selectivity. Oxidation of cellulose with periodates is a highly
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selective reaction (Calvini, Conio, Princi, Vicini, & Pedemonte, 2006;
Kim, Kuga, Wada, Okano, & Kondo, 2000; Nevell, 1957; Potthast,
Kostic, Schiehser, Kosma, & Rosenau, 2007; Potthast, Schiehser,
Rosenau, & Kostic, 2009; Varma & Kulkarni, 2002). This reaction
cleaves the C2-C3 bond of the glucopyranoside ring and leads to
the introduction of two aldehyde groups at C-2 and C-3 positions;
the resulting compound is the dialdehyde cellulose (DAC). One
of the significant advantages of periodates over other oxidizing
agents is that they minimize degradation and retain the mechan-
ical and morphological properties of the starting material (Nevell,
1963). Obtained dialdehyde cellulose can be used to immobilize
proteins (Carneiro-da-Cunha, Rocha, Garcia, & Gil, 1999; Varavinit,
Chaokasem, & Shobsngob, 2001) or amino polysaccharides (Janjic
etal., 2009; Liu et al., 2001) by reaction with their amino functions,
as ion-exchange materials after further oxidation of the aldehydes
to the corresponding carboxylic acids (Kim & Kuga, 2002), or as such
for specific uses (Kim & Kuga, 2000; Kim, Wada, & Kuga, 2004).
Proteases are widely used in industrial and biomedical appli-
cations, among which trypsin was most extensively concerned.
However, their applications are limited as regard to the problem
of their instability and rapid losing of catalytic activity during the
operational and storage periods resulting from autolysis, unfolding
and aggregation of these enzymes (Villalonga, Villalonga, & Gémez,
2000). Enzyme immobilization can overcome these limitations;
the immobilization stabilizes the structure and, hence, activity of
enzymes. The key points in enzyme immobilization are a suitable
carrier and immobilization method. Trypsin can be immobilized
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by different methods, such as adsorption (Kotel’nikova, Mikhailova
& Vlasova, 2007), entrapment (Monteiro et al., 2007) and cova-
lent binding (Cavalcante, Carvalho, & Carneiro-da-Cunha (2006);
Kumar & Gupta, 1998). Immobilization of enzymes by covalent cou-
pling usually leads to very stable preparations compared with other
immobilization procedures. Various carriers have been used for the
immobilization of trypsin, e.g., chitosan-coated silica gel (Xi, Wu,
Jia, & Lin, 2005), polyester fleece (Nouaimi, Mdschel, & Bisswanger,
2001), chitosan and cellulose (Zelenetskii et al., 2003). Medical
requirements considerably limit the number of carriers that can
be used in the immobilization of enzymes for therapeutic uses.
The carriers must be nontoxic, noncarcinogenic, biocompatible
and in no way injurious in the biological environment. Dialde-
hyde cellulose has been recommended as a suitable matrix for the
immobilization of drugs and hormones. Besides, it has been found
that insoluble form of the dialdehyde cellulose itself inhibits the
microbial growth, and this activity resists heat and washing (Hon,
1996).

In this paper, we report the oxidation of cotton fibers with
sodium periodate solutions under different conditions in order to
obtain a suitable carrier for subsequent immobilization of trypsin,
an enzyme with anti-inflammatory properties. Cotton, as the purest
natural form of cellulose, was chosen for periodate oxidation
because of the following: it possesses excellent properties, such as
regeneration, biodegradation, softness, affinity to skin and hygro-
scopic property, and is traditionally used as a bandaging material.
Our data demonstrated that trypsin immobilized on selective oxi-
dized cotton fibers was markedly stabilized for a long period of
storage.

2. Experimental
2.1. Materials

Raw cotton ring yarn (fineness: 20.85 tex, CV =3.4%; yarn twist:
755 t.p.m., CV=5.5%), which is intended for gauze production, was
obtained from Strumicanka (Strumica, FYR of Macedonia). Trypsin
from bovine pancreas (EC 3.4.21.4) in a powder form and N-a-
benzoyl-DL-arginine p-nitroanilide hydrochloride (BAPNA) were
purchased from Sigma (St. Louis, MO, USA). All other chemicals used
were of analytical grade.

2.2. Oxidation of cotton yarn with sodium periodate

A sample of cotton yarn was immersed in solutions of sodium
periodate in 0.1 M acetic buffer (ratio 1:50, w/v), pH 4.0 at con-
centrations of 2.0 mg/ml and 4.0 mg/ml, i.e. 0.2% and 0.4% (w/v).
The mixture was then stirred in the absence of light, at room tem-
perature, for 15, 30, 45, 60, 120, 180, 240, 300 and 360 min. After
completion of the oxidation, the cotton yarn was washed with
ice-cold distilled water several times to remove the oxidant. This
oxidized cotton yarn was used for the immobilization of trypsin
without drying.

The effects of reaction time and periodate concentration on
the rate of oxidation of cotton fibers were studied. Consumption
of one periodate molecule produces two aldehyde groups. There-
fore, the rate of periodate consumption (i.e. the decrease in the
periodate content of the solution, referred to the weight of fibers
immersed in it, and expressed as molecules of periodate per 100
glucose units) may be identified with the rate of oxidation. Titrime-
try was used to calculate the periodate consumption (Nevell,
1957).

The formation of soluble fragments, as a result of the cellulose
destruction (i.e. cellulose chain scission caused by subsequent reac-
tion, not by oxidation itself), was determined by measuring the

weight loss of oxidized cotton yarn samples by applying the direct
gravimetric method (Koblyakov, 1989).

2.3. Determination of aldehyde group content

The aldehyde content present in the oxidized cotton was mea-
sured according to the method described in literature (Kumar &
Yang, 2002; Praskalo et al., 2009; Saito & Isogai, 2004). The alde-
hyde groups were selectively oxidized to carboxyl groups with
sodium chlorite at pH 4-5, at room temperature for 48 h, and car-
boxyl group content was determined by calcium-acetate method
modified by Praskalo et al. (2009). Before titrations all cotton sam-
ples were ion-exchanged into acid form by suspending in 0.01 M
HCl for 1 h, followed by washing with distilled water. The aldehyde
group content was calculated by subtracting the carboxyl content
value determined in the starting cotton sample from that of chlorite
oxidized samples.

2.4. Determination of fineness of oxidized cotton yarns

Fineness in tex was determined as per standard method (SRPS
ISO 2060, 1994).

2.5. Tensile strength measurement

Cotton yarns were tested by using tensile tester Tex Test
(Switzerland), with clamps spaced at 100 mm, and with strain rate
(bottom clamp rate) of 150 mm/min, according to the usual proce-
dure described elsewhere (Koblyakov, 1989). The tensile strength
of the yarn was calculated as the mean value of 20 measurements.

2.6. Immobilization of trypsin on oxidized cotton yarn

A trypsin solution (0.8 mg/ml) was prepared by dissolving
enzyme in 100 mM Tris-HCl buffer (pH 9.2) containing 10 mM
CaCl,. The above mentioned oxidized cotton yarn was incubated
with the solution of trypsin (ratio 1:25, w/v) for 18 h at 4 °C. Subse-
quent to immobilization, the yarn was washed with physiological
solution 9 times to remove unbound trypsin. The supernatants of
each washing were collected for protein measurements. The resul-
tantimmobilized trypsin on cotton yarn was stored in physiological
solution. All immobilizing tests were performed in duplicate.

2.7. Protein loading assay

The amount of trypsin immobilized on the cotton yarn was
determined from a mass balance, i.e. difference between the con-
tent of protein in solution before and after immobilization, and in
the combined washings, using following equation:

Tso-Tsi - T,

Tiy _ s0 ;11 SwW

where Tjy is amount of trypsin immobilized on the cotton yarn
(mg/g of cotton); Ty is content of trypsin in solution before and
T,; after immobilization (mg), and Ty is content of trypsin in com-
bined washing solutions (mg) determined according to the method
of Bradford (Kruger, 2002) and using bovine serum albumin as the
standard, while m is the weight of absolute dry cotton yarn (g).

2.8. Trypsin activity assay

The trypsin activity in the solution and in the immobilized
state was determined by a method based on the initial rate of
hydrolysis of the substrate BAPNA, similar as described in the lit-
erature (Nouaimi et al., 2001; Ohta, Makinen, & Loesche, 1986; Xi
et al,, 2005). One unit of activity was expressed as the amount of
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enzyme required to release 1 wmol of p-nitroaniline per min by
use of the molar extinction coefficient of p-nitroaniline at 410 nm
of 8800 M~ cm~1.

The reactions were carried out in a 0.1 M phosphate buffer
solution, at pH 7.0 and 37 °C, approximately the physiological con-
ditions. The reaction mixture consisted of 3ml 0.1 M phosphate
buffer (pH 7.0), 15l 0.1 M BAPNA prepared in DMSO, and suit-
able amount of trypsin, i.e. 50 pl of trypsin solution (0.8 mg/ml) and
5mg dry wt. of modified cotton yarn, for the activity assay of sol-
uble and immobilized trypsin, respectively. At fixed time intervals,
the released p-nitroaniline was measured at 410 nm using UV-VIS
spectrophotometer (SP6-550 Pye Unicam). Three repetitive values
were determined and the mean value calculated.

2.9. Stability of free and immobilized trypsin during storage

The stability of free and immobilized trypsin was determined at
4°Cand 25 °Cduring 60 days of storage. Samples of cotton yarn with
immobilized trypsin, stored in physiological solution, and trypsin
solution (0.8 mg/ml) in 0.1 M phosphate buffer pH 7.0, were kept
at 4°C and 25 °C. During 60 days, their activities were periodically
assayed, as described above. Storage stability of free or immobilized
trypsin is given as relative activity, i.e. in the case of free enzyme
activity of stored trypsin solution is related to the activity of freshly
prepared trypsin solution (initial activity of free enzyme) and in
the case of immobilized enzyme activity of stored cotton yarn with
immobilized trypsin is related to the activity of the same sample
immediately after immobilization (initial activity of immobilized
enzyme).

2.10. Trypsin leakage from the carrier

In order to study the trypsin leakage from the carrier, three sam-
ples of cotton yarn with immobilized trypsin were stored in 5 ml of
physiological solution. After 60 days, protein concentration in the
solution was determined as described above.

3. Results and discussion
3.1. Obtaining of dialdehyde cotton yarns

Cotton yarn was first oxidized with sodium periodate to cleave
the 2,3-vicinal diol of the cellulose glucose units and produce alde-
hyde groups, and then employed to immobilize trypsin. Several
oxidations with different oxidation time and different concen-
tration of periodate solution were carried out. The course of the
reactions was followed by measuring oxidant consumption by cot-
ton fibers from 0.2% and 0.4% NalO4 solutions, Fig. 1. The reaction
course can be divided into three distinct phases, i.e. the rate of peri-
odate consumption is relatively high at first 60 min, after that it
diminishes and above 240 min becomes almost constant. Calvini
et al. (2006) suggested three simultaneously occurring reactions
during periodate oxidation: a fast initial attack of periodate in the
amorphous region of cellulose, a second slow reaction attributed
to the oxidation of the surface of crystallites, and a very slow third
reaction due to the oxidation of the crystalline core. According to
Nevell (1957) the initial fast reaction may be identified with the
formation of a cyclic complex of periodate ion with vicinal hydrox-
yls. Curves for periodate consumption obtained in this study were
similar to those reported by Janjic et al. (2009) for the oxidation of
lyocell fibers with 0.2% and 0.4% KIO4 solution.

The effect of periodate oxidation on cotton fibers was then
assessed by determining the aldehyde group content. As shows
Fig. 2, no increase in aldehyde group content during the first 30 min
of oxidation; after that, with increasing the oxidation time, the
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Fig. 1. Relationship between the periodate consumption and the oxidation time and
the concentration of NalO4 used for the oxidation.

number of aldehyde groups rises for both periodate concentra-
tions used. The cotton fibers oxidized with 0.4% NalO4 had higher
increase in aldehyde group content (up to 282%) compared to the
fibers oxidized with 0.2% NalOy4 (increase up to 210%). Also, by com-
parison aldehyde group content against periodate consumption
(Figs. 1 and 2) it is evident that during the first 30 min of treat-
ment periodate was consumed probably by non-cellulosic material,
since raw unbleached cotton yarn was used in this study. The non-
cellulosic material at the cotton fiber surface was determined to
be a complex mixture of fatty acids, alcohols, alkanes, esters and
glycerides (Mitchell, Carr, Parfitt, Vickerman, & Jones, 2005).

The formation of soluble fragments, as a result of the cellu-
lose destruction, was examined by measuring the weight loss of
oxidized cotton yarn. Increasing reaction time and periodate con-
centration had no significant influence on weight loss. All samples
showed the loss in weight in the range of 2.03-2.56%, which is
considerably less compared to the weight loss values (up to 21%)
determined for lyocell fibers oxidized under similar conditions with
KIO4 (Janjic et al., 2009). Similar results have been reported by
Calvini et al. (2006) who obtained negligible weight loss of What-
man paper samples oxidized with periodate.

The mechanical properties of oxidized and native yarn were
determined to establish the relationship between chemical modifi-
cation and the resulting physical properties. The effect of oxidation
conditions on the tensile strength of the cotton yarn is shown
in Fig. 3. The tensile strength of the oxidized cotton yarn did
not change remarkably for the oxidation time in the range of
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Fig. 2. Relationship between the aldehyde group content and the oxidation time
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Fig. 3. The effect of oxidation time on the tensile strength of the oxidized cotton
yarn.

0-180 min. Cotton yarn oxidized by 0.2% and 0.4% NalO,4 during
180 min retained 97% and 84% of its initial tensile strength, respec-
tively. However, tensile strength strongly decreased when the time
of oxidation was over 180 min. The oxidation by sodium periodate
breaks to some extent the crystalline structure of cellulose in the
native cotton yarn, and long oxidation time weaken the mechanical
properties of the oxidized cotton yarn.

The mechanical properties of the oxidized cotton fibers are con-
siderably less degraded compared to those determined for oxidized
man-made cellulose fibers (lyocell) by Janjic et al. (2009), who
reported that tensile strength of oxidized lyocell fibers was reduced
of more than 80% when the oxidation time was above 60 min. This
difference can be attributed to the different structure of natural and
chemical cellulose fibers, mainly in degree of polymerization and
crystallinity, fibrillar arrangement, etc.

The above mentioned weight loss of the oxidized cotton yarns,
with no observed yarn contraction during the modification, is
responsible for changes in the oxidized yarn fineness. Oxidized cot-
ton samples became finer, i.e. fineness value decreased up to 5.28%,
namely from 20.85 tex for starting yarn to 19.75 tex for oxidized
yarn (data not shown).

3.2. Obtaining of cotton yarn with immobilized trypsin

The cotton fiber, previously activated by periodate treatment,
was used for immobilization of trypsin through the formation of
Schiff base product. In this process, the N-terminal amino group,
as well as the amino groups from lysines, react with the alde-
hyde groups on the oxidized cellulose fiber. Trypsin contains
14 lysine residues (Mikes, Holeysovsky, Tomasek, &Sorm, 1966),
which means a sufficient amount of amino groups for multipoint
attachment between the enzyme and the oxycellulose (Villalonga
et al., 2000; Xi et al., 2005).

The amount of immobilized trypsin was estimated from a mass
balance, as difference between the amount of protein in solution
before immobilization and sum of protein in solution after immobi-
lization and in the combined washings. Fig. 4 shows the relationship
between the reaction times of periodate oxidation of the cellu-
lose fiber and the amount of trypsin covalently immobilized on
this modified fiber. The amount of immobilized trypsin increased
with the oxidation time during the first 180 min, when reached the
maximum value 6.1 mg/gram of dried cotton yarn, which is charac-
teristic of carriers that have low specific surface area (Seabra & Gil,
2007). The protein content in the modified cotton fiber was higher
for fiber oxidized by 0.4% NalO4 than fiber oxidized by 0.2% NalOg4.
When the oxidation time was over 180 min, there was no further
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Fig. 4. Relationship between the amount of trypsin immobilized on cotton fibers
and the oxidation time and the concentration of NalO,4 used for the oxidation.

increase in the protein content. This can be attributed to the differ-
ence in the reaction site of the oxidation and Schiff’s base formation
in the cellulose (Liu et al., 2001). The small periodate ion is able to
enter the cellulose fiber interior and the glucose unit both inside
and on the surface of the fiber can be oxidized. Trypsin is a huge
molecule that cannot access aldehyde groups formed inside the
fiber and the attachment occurred on the surface of the cellulose
fiber. Furthermore, the trypsin molecules in large amounts cover
the dialdehyde cellulose chain and form a shield over a significant
portion of the aldehyde groups.

After the immobilization process, the obtained cellulose fibers
with different amounts of bound enzyme were assayed for activity.
Relative activity of trypsin immobilized on cotton fibers oxidized
in different conditions is presented in Fig. 5. The activity of immo-
bilized trypsin increased with the oxidation time during the first
180 min, whereas it became nearly constant with further increase
of oxidation time. Immobilized activity was higher for fiber oxi-
dized by 0.4% NalO4 than fiber oxidized by 0.2% NalO4. These results
are in accordance with the protein content data. The maximum
activity of the immobilized trypsin was 1.22 U/gram of dried cotton
yarn, which is 14% of the total initial activity of trypsin in solu-
tion before immobilization. Finally, it should be mentioned that the
incubation of trypsin with unoxidized cotton fiber yielded a fiber
with very low immobilized activity. According to these results and
values obtained for the mechanical properties, cotton yarn oxidized
by 0.4% NalO,4 during the 180 min was chosen for further storage
stability characterisations.

105
° ° °
90 / -\ / .
S J / \l/ \-
> 754 n
x
=
S 60
g ®
2 454 / .
-
k)
[ ]
& 30 /
o —m—0.2 % Nalo,
15 —8—0.4 % NalO,
0 v T T T v T T T T T T T T T
0 50 100 150 200 250 300 350

Oxidation time (min)
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tions. Activities are related to maximal immobilized activity.
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3.3. Storage stability of free and immobilized trypsin

The stability of free and immobilized trypsin was evaluated over
the 60 days of storage at 4°C and 25°C. As it could be seen from
Fig. 6, the free enzyme lost 85.5% of its initial activity after storage
for 60 days at 4°C, whereas at room temperature a 92.4% loss of
activity was observed after 10 days. This severe decrease in activity
of the free trypsin might be due to its autolysis (Kumar & Gupta,
1998; Villalonga et al., 2000; Xi et al., 2005). Trypsin immobilized
on cotton yarn retained about 90% and 72% of its activity at 4°C and
25°C, respectively, over 60 days. Furthermore, the trypsin-cotton
yarn sample stored at 4 °C showed the same activity retention after
additional 30 days of storage. This improved stability is probably
a result of the prevention of autolysis and unfolding of trypsin
molecules by immobilization. Similar results have been reported
by Cavalcante et al. (2006) and Seabra and Gil (2007) who evalu-
ated the stability of a covalently immobilized trypsin at 4 °C. These
authors found activity retention of 86.5% after 54 days and 85% over
50 days, respectively. For the immobilized trypsin stability at room
temperature, activity retention of 65-85% depending on the cou-
pling method (Xi et al., 2005) and 30% (Seabra & Gil, 2007) over 30
days have been reported.

The results presented above indicate that the storage stability
of the immobilized trypsin was significantly improved compared
with the free enzyme, and it was more efficient at 4 °C, which had to
do with less amount of unfolding that occurred in the immobilized
trypsin at a lower temperature.

Finally, the study of the trypsin leakage from the carrier fiber
showed that after 60 days of keeping cotton yarn with immobi-
lized trypsin in physiological solution, no protein was found in the
storage solution. This result meant that trypsin remained firmly
attached to the cotton yarn, which is characteristic of covalent
immobilization of enzymes.

4. Conclusion

Cotton yarn with covalently bound trypsin was obtained by the
reaction between oxidized cotton fiber and the trypsin solution.
Cotton yarn was first oxidized with sodium periodate to produce
aldehyde groups, and then employed to immobilize trypsin. Dif-
ferent oxidation times and periodate concentrations were used to
increase aldehyde content in cotton fibers. The periodate oxida-
tion during the first 180 min did not have a significant effect on the
mechanical properties of yarn.

The resulting aldehyde group on the cellulose fiber was able to
react with an amino group of trypsin to form the corresponding
Schiff base. The amount of immobilized trypsin, as well as its activ-

ity, increased with the oxidation time during the first 180 min, and
than became nearly constant. In order to ensure enough amount of
bound trypsin on the cotton yarn and preserve the tensile strength
of the oxidized cotton yarn, the optimal concentration of the peri-
odate is 0.4% and the optimal oxidation time is 180 min.

Trypsin immobilized on oxidized cotton yarn exhibited excel-
lent storage stability. Trypsin possesses wound-healing properties,
while cotton is traditionally used as a bandaging material, therefore
the resulting composition of trypsin with cellulose has potential for
medical applications.
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