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Chitosan, a cationic polysaccharide, is widely employed as dietary supplement and in pharmacological
and biomedical applications. Although numerous studies have focused on its applications as pharmaceu-
tical excipients or bioactive reagents, relationships between molecular weight (Mr) and biological prop-
erties remain unclear. The focus of this study was on the antioxidant properties of several Mr chitosans.
We measured the ability of seven Mr chitosans (CT1; 2.8 kDa, CT2; 17.0 kDa, CT3; 33.5 kDa, CT4;
62.6 kDa, CT5; 87.7 kDa, CT6; 604 kDa, CT7; 931 kDa) to protect plasma protein from oxidation by per-
oxyl radicals derived from 2,20-azobis (2-amidinopropane) dihydrochloride (AAPH). A comparison of
the antioxidant action of high Mr chitosans (CT6–CT7) with that of low Mr chitosans (CT1–CT5) showed
that low Mr chitosans (CT1–CT5) were more effective in preventing the formation of carbonyl groups in
plasma protein exposed to peroxyl radicals. AAPH substantially increases plasma protein carbonyl con-
tent via the oxidation of human serum albumin (HSA). We also measured the ability of these chitosans
to protect HSA against oxidation by AAPH. Low Mr chitosans (CT1–CT5) were found to effectively prevent
the formation of carbonyl groups in HSA, when exposed to peroxyl radicals. Low Mr chitosans were also
good scavengers of N-centered radicals, but high Mr chitosans were much less effective. We also found a
strong correlation between antioxidant activity and the Mr of chitosans in vitro. These activities were also
determined by using the ‘TPAC’ test. These results suggest that low Mr chitosans (CT1–CT3) may be
absorbed well from the gastrointestinal tract and inhibit neutrophil activation and oxidation of serum
albumin that is frequently observed in patients plasma undergoing hemodialysis, resulting in a reduction
in oxidative stress associated with uremia.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Natural products have been the starting point for the discovery
of many important modern drugs. This has led to chemical and
pharmacological investigations and general biological screening
programs for pharmacological activity of natural products on a
world wide scale.1 Marine organisms are also the subject of signif-
icant interest as potential sources of compounds with beneficial
pharmacological activities. A group of molecules that has attracted
considerable interest are chitosans, soluble derivatives of chitin.
Chitin is a polysaccharide composed of N-acetyl glucosamine units
and is one of the most abundant naturally occurring polysaccha-
rides on earth and is found in shellfish, clams, krill, oysters, squid,
fungi, and insects.2,3 It is insoluble in water, but after deacetylation
and partial hydrolysis is converted to a more soluble lower molec-
ular weight (Mr) chitosan. Chitosan, a linear copolymer of b-(1,4)-
ll rights reserved.
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poly-2-amino-2-deoxy-D-glucose and b-(1,4)-poly-2-acetamido-2-
deoxy-D-glucose, has found a wide range of applications in mining,
water treatment, the paper industry, medicine, biotechnology, food
and cosmetic industries, and in agriculture.4,5 The principal prop-
erty of the various preparations of chitosan responsible for these
applications is its solubility, which depends on the Mr, degree of
residual acetylation, and any chemical modifications. Soluble
chitosans and their derivatives have a range of properties that
are useful in biology and medicine, which include ready uptake
by cells and the intestines, low toxicity to eukaryotes, ability to
stimulate the immune system, hypocholesterolemic and anti-
tumor activity, and other benefits.6–12 A property of particular
interest for this study is the antioxidant properties of chitosan.13,14

Studies by Xie et al. and Xue et al. showed that the scavenging of
hydroxyl radicals by chitosan inhibits the lipid peroxidation of
phosphatidylcholine and linoleate liposomes.13,15 In a previous
study, we also showed that the scavenging of hydroxyl radicals
by chitosan inhibits the peroxidation of human serum albumin
(HSA).16 Santhosh et al. showed that the administration of chitosan
to rats treated with isoniazid or rifampicin prevented hepatotoxic
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lipid oxidation.17 Similarly, chitosan injections have been reported
to inhibit glycerol-induced renal oxidative damage in rats.18 We
also showed that the administration of chitosan to human volun-
teers prevented HSA oxidation in vivo.19 Although numerous stud-
ies have been reported concerning the antioxidant activities of
chitosan, relationships between molecular weight and biological
activity have not been extensively reported.

The aim of this study was to examine the possible antioxidant
and free radical-scavenging properties of several different Mr
chitosans in in vitro studies. We also evaluated the relevance of
the Mr of chitosans and their antioxidant activities.

2. Results

2.1. Carbonylation of plasma protein from a normal volunteer
in the presence and absence of chitosan

We investigated the antioxidant effects of molecular weight
(Mr) for some different chitosans. As shown in Figure 1, oxidized
proteins were derived with dinitrophenylhydrazine, separated by
SDS–gel electrophoresis, and screened with antibodies against
dinitrophenyl groups. HSA was the only major plasma protein that
was significantly oxidized in human plasma in the absence of
chitosans and, in the group treated with low Mr chitosans (CT1–
CT5), the oxidation of HSA was decreased. It is noteworthy that
no significant difference was found in the group treated with high
Mr chitosans (CT6, CT7). The order of their effectiveness was found
to be CT1 > CT2 > CT3 > CT4 > CT5� CT6 > CT7. In addition, no sig-
nificant difference was found in the carbonyl contents of the other
plasma proteins (transferrin, immunoglobulin, and fibrinogen).
Figure 1. Carbonyl content of major plasma proteins from a normal volunteer with or wit
chitosans were derived with DNP and subjected to duplicate SDS–PAGE gels. Following
second blot was stained with Coomassie brilliant blue G for protein (B). (II) Carbonyl
fibrinogen) was determined as the densitometry ratio of the DNP area and the protein are
protein only (j), CT1 (h), CT2 ( ), CT3( ), CT4 ( ), CT5( ), CT6 ( ), and CT7 ( ). The con
volunteers without chitosans.
These findings show that the decrease in plasma protein carbonyl
content as the result of plasma oxidation was largely due to a
decrease in the level of oxidized HSA.

2.2. Effect of oxidation on HSA in the presence and absence of
chitosan

The ability of some different Mr chitosans to inhibit the
oxidation of HSA by the levels of AAPH-derived peroxyl radicals
generated from AAPH was determined. AAPH decomposes as a
function of temperature at a constant rate to two carbon-centered
radicals, with about half of which react rapidly with dioxygen to
form reactive peroxyl radicals. The results show that low Mr chito-
sans (CT1–CT5) lowered the amount of HSA carbonyl groups gen-
erated, compared to an experiment in which no chitosan was
present, and that the effect was time-dependent (Fig. 2). Moreover,
after 6 and 24 h of incubation, the formation of the carbonyl moi-
eties was strongly inhibited in the presence of Vit C, with an iden-
tical degree of protection provided by CT1. Otherwise, no
significant difference was found in the group treated with high
Mr chitosans (CT6, CT7). These findings also show that low Mr
chitosans have a higher antioxidant activity than high Mr
chitosans.

2.3. Scavenging activity of chitosan on DPPH and ABTS radicals

Figure 3 shows that the scavenging activity of several Mr chito-
sans on DPPH radicals was significant and concentration related.
The scavenging rate of these chitosans increased with increasing
concentration. Moreover, as shown in Figure 3, the IC50 values for
hout several molecular weight chitosans. (I) Plasma samples with or without several
electrotransfer, one blot was stained for DNP using OxiBlot kit reagents (A) and the

formation of major plasma proteins (albumin, transferrin, immunoglobulin, and
a, and is reported as densitometry units. Values are expressed as mean ± SD. Plasma
centration of the chitosans was 0.5 mg/mL. *P < 0.05 as compared with plasma from



Figure 4. Relationship between Mr and antioxidant activity of low Mr chitosans.
The correlation coefficient (r) between low Mr chitosans and antioxidant activity
was significant at the indicated p value.

Figure 5. Time course for the reaction of the antioxidants with ABTS radical cations.
The concentration of ABTS�+ was measured at 734 nm. The scavenger concentrations
were 5 mg/mL. CT1 (—), CT2 ( ), CT3 ( ), CT4 ( ), CT5 ( ), CT6 ( ), and CT7
( ).

Figure 2. Inhibition of oxidation of human serum albumin by chitosans. Solutions of 20 lM HSA were exposed at 37 �C to 40 mM AAPH for various times and the degree of
protein oxidation was measured by carbonyl assays. The bars indicate the levels of oxidized HSA formed after subtraction of control values. Plasma protein only (j), CT1 (h),
CT2 ( ), CT3( ), CT4 ( ), CT5( ), CT6 ( ) CT7 ( ), and VitC ( ). Several Mr chitosans and VitC concentrations were 5 and 0.5 mg/mL, respectively. *P < 0.05, compared to
HSA in the absence of chitosans.

Figure 3. Relative effectiveness of different concentrations of the antioxidants in
reducing DPPH radicals. The activities are shown relative to fully reduced DPPH
(100%). DPPH radical concentration was measured at 517 nm. CT1 (—), CT2 ( ),
CT3 ( ), CT4 ( ), CT5 ( ), CT6 ( ), and CT7 ( ).

1692 H. Tomida et al. / Carbohydrate Research 344 (2009) 1690–1696
CT1, CT2, CT3, CT4, CT5, CT6, CT7 were 0.87, 3.28, 4.68, 8.15, 9.34,
15.9, 20.6 mg/mL, respectively. Further, the results shown in Figure
4A show an inverse relationship between antioxidant activity and
the Mr of chitosans. These results suggest that the scavenging
activities of low Mr chitosans for DPPH radicals were more pro-
nounced than that of high Mr chitosans. In the case of the ABTS�+,
the reduction in the presence of low Mr chitosan (CT1–CT5;
2.5 mg/mL) was over 60% in 24 h (Fig. 5). Otherwise, high Mr chito-
sans (CT6, CT7; 2.5 mg/mL) were much less effective. Overall, these
results demonstrate the general ability of low Mr chitosans to scav-
enge oxygen- and nitrogen-centered radicals and suggest that their
antioxidant potential shown in other systems may be due, at least
in part, to this property.

2.4. Reducing power of chitosans using the TPAC test

Figure 6 shows data related to the reducing power of several Mr
chitosans. The reducing power of low Mr chitosans correlated well
with increasing concentrations but, the change in reducing power



Figure 6. Reducing power of different Mr chitosans in a TPAC test. CT1 (h), CT2 ( ),
CT3 ( ), CT4 ( ), CT5 ( ), CT6 ( ), and CT7 ( ). The values of 2.5 and 5 mg/mL of
CT 1 were 1587 and 2901 lmol/mL, respectively.

Figure 7. Relationship between Mr and reducing power of several chitosans. The
correlation coefficient (r) between the Mr of chitosans and reducing power was
significant at the indicated p value.
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for high Mr chitosans was not obvious. These results indicate that
low Mr chitosans have a higher reducing power. Moreover, good
negative correlations were found between changes in reducing
power in all Mr chitosans and changes in Mr (Fig. 7). These results
suggest that the reducing power of low Mr chitosans is clearly
more pronounced than that of high Mr chitosans.

3. Discussion

The intestinal absorption of various Mr chitosans by oral admin-
istration was directly related to its Mr. The amount of chitosan ab-
sorbed decreases with increasing Mr, as reported by Chae et al.20

As a bioactive material, chitosan has several of the above discussed
bioactivities such as antitumor, cholesterol-lowering, immuno-
stimulating, antidiabetic, and antimicrobial effect. The choles-
terol-lowering effect of chitosan is one of its most intensively
studied bioactivity. It is generally accepted that the origin of the
cholesterol lowering effect of chitosan is due to unique ability to
bind lipid and bile acids.21–23 The binding resulted in an increased
elimination of fat in the stool, reduced bile acid recycling, and the
induction of hepatic synthesis of new bile acid constituents from
cholesterol.21,24 These effects may contribute to a reduction of cho-
lesterolemia. Considered with these biological events, the absorp-
tion of chitosan into the systemic circulation could be regarded
as an unbeneficial event. However, the systemic circulation of
chitosan may contribute to other bioactivities, such as antimicro-
bial, antitumor, immuno-stimulating, antidiabetic, and antioxidant
effects. In particular, the antioxidant properties of chitosan deriva-
tives have attracted considerable attention.15,25

Two recent studies have shown that chitosan preparations have
the ability to protect proteins from radicals generated from the
Fe2+/H2O2 system; in one, D-glucosamine inhibited the oxidation
of bovine serum albumin, while in another, chitooligosaccharides
and carboxylated chitosan reduced the formation of protein car-
bonyl groups in RAW264.7 cells.11,12 It therefore appears likely that
low Mr chitosans might also protect HSA from oxidation by ROS
and thus function as a potential antioxidant in vascular tissues.
In a recent study, we measured the ability of a 2800 Da low Mr
chitosan preparation to protect HSA from peroxyl radicals16 and
also showed that the administration of a chitosan supplement to
human volunteers prevented HSA oxidation in vivo.19 However,
the antioxidant properties of chitosans with different molecular
weights which can be absorbed from the intestinal tract, were
not available. Accordingly, the objective of this study was to assess
the antioxidant properties of chitosans with different molecular
weights. We also examined the relationships between plasma pro-
teins and several molecular weight chitosans in detail.

In the present study, using a Western blot immunoassay, we
show that the oxidation of HSA accounts for nearly all of the excess
plasma protein oxidation in an AAPH incubation with AAPH alone
or with several Mr chitosans, and that low Mr chitosans (CT1–CT5)
decrease the extent of oxidation of HSA (Fig. 1). The susceptibility
of isolated albumins to oxidation by ROS has generally been dem-
onstrated in several studies.26 There is one report of the presence
of short-lived protein hydroperoxides in plasma that had been sub-
jected to gamma ray irradiation,27 while the greater stability of
carbonyl residues has allowed their detection in albumin samples
from diabetic children and rats, and in uremic patients who are
undergoing dialysis.28,29 We have also recently found that the car-
bonylation of several residues in HSA of patients with uremia re-
sulted in conformational changes, an increase in the ability of
albumin to activate neutrophils and a decrease in radical scaveng-
ing capacity.30 This is in agreement with the observation that the
levels of oxidized HSA correlated well with the level of renal dys-
function among HD patients.31 Overall, these observations suggest
that the level of oxidized HSA can serve as a measure of the extent
of oxidative stress in human blood plasma. Therefore, the ability of
chitosan to inhibit the generation of HSA oxidation by hydroxyl
radicals was measured. The results show that HSA carbonyl groups
are clearly formed, after subtraction of the readings given by
the unoxidized HSA, and that the extent of carbonylation increases
with the time of exposure to peroxyl radicals (Fig. 2). After 6- and
24-h incubation, the formation of the carbonyl moieties was signif-
icantly inhibited in the presence of low Mr chitosans (CT1–CT5),
with an identical degree of protection provided by a chitosan con-
centration of 5 mg/mL. The presence of similar w/v concentrations
of high Mr chitosans (CT6, CT7) had no inhibiting effect on car-
bonyl formation at any time of the incubation after a 6- and 24-h
exposure. These results suggest that the antioxidant activity of
low Mr chitosans was more pronounced than that of high Mr



Table 2
Scavenging of DPPH and ABTS�+ radicals

Antioxidant DPPH ABTS�+ IC50
a (h)

IC50 (mg/mL)

CT1 0.87 0.21
CT2 3.28 0.59
CT3 4.68 2.76
CT4 8.15 6.85
CT5 9.34 10.5
CT6 >10 >24
CT7 >10 >24

a Relative radical trapping ability was calculated using 0.5 mM DPPH.

Table 1
Characterization of seven different molecular weight chitosans

Samplesa Mrb (kDa)

CT1 2.8
CT2 17.0
CT3 33.5
CT4 62.6
CT5 87.7
CT6 604
CT7 931

a All samples were obtained from Wako Co. Ltd and Dainichiseika Co. Ltd (Japan).
b Calculated from intrinsic viscosity.
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chitosans. Furthermore, inhibiting the formation and reactions of
HSA radicals may prevent much of the biological damage associ-
ated with a range of diseases caused or aggravated by oxidative
stress.

The ability of the several Mr chitosans to scavenge radicals
other than the peroxyl radical was tested by using stable N-cen-
tered DPPH and ABTS radicals. DPPH reduction by chitosan sulfates
with different sulfur contents and molecular weights was reported
in one study, while another indicated a relationship between
molecular weight and radical-scavenging effectiveness, using vari-
ous preparations of chitosans.20,32 The relative abilities of low Mr
chitosans to react with DPPH radicals is consistent with the results
of experiments with peroxyl radicals (Fig. 3, Table 2). Furthermore,
we were also able to estimate the relationships between antioxi-
dant activity and the Mr of low Mr chitosans (Fig. 4, p < 0.01;
r2 = 0.96). These results suggest that the scavenging activities of
low Mr chitosans for the DPPH radical were more pronounced than
that for high Mr chitosans. These results may not only estimate the
antioxidant capacities of several Mr chitosans, but also reflect
pharmaceutical applications for chitosans. All of the potential scav-
engers also reacted with the ABTS�+ with widely different effective-
ness, ranging from low to high Mr chitosans (Fig. 5). This is the first
finding that unequivocally demonstrates the ability of chitosan to
reduce the ABTS�+ radical. Figure 6 depicts the reducing power of
several Mr chitosans, as evidenced by the use of the TPAC test.
The reducing power of each Mr chitosan correlated well with
decreasing Mr, and the reducing power of high Mr chitosans was
not significantly obvious (p < 0.01; r2 = 0.96; Fig. 7).

The large differences in the radical-scavenging effectiveness of
the compounds used here show that the chemistry underlying
the reactions is determined by the size of the molecule. In this
study, scavenging activity of low Mr chitosans (CT1–CT5) for per-
oxy radicals was higher than that of high Mr chitosans. The scav-
enging activities of low Mr chitosan for the DPPH and ABTS�+

radicals were also more pronounced than that of high Mr chitosan.
A more plausible mechanism for the antioxidant action of Mr
chitosans in vivo is their ability to scavenge secondary peroxyl rad-
icals. Peroxyl radicals are products of fast reactions between diox-
ygen and C-centered radicals generated by the primary ROS in cell
components such as proteins, lipids, and DNA, and are believed to
play a major role in the production of biological damage induced
by the primary ROS.33 In this study we tested the ability of chitosan
to protect HSA from damage by peroxyl radicals that were gener-
ated directly by the decomposition of AAPH. Further, this result
can be attributed to the effects of intra-molecular hydrogen bond-
ing in the chitosan molecule. Chitosans show considerable hydro-
gen bonding on N2–O6 and O3–O5. High Mr chitosans have
compact structures, thus making the overall effect of their intra-
molecular hydrogen bonds stronger. The strong effect of intra-
molecular hydrogen bonding decreases the reactivity of hydroxyl
and amino groups. On the contrary, low molecular weight chitosan
has a more compact structure, thus making the overall effect of
intra-molecular hydrogen bonding less effective. At present, no
information is available concerning the sites of attack by peroxyl
or N-centered radicals on Mr chitosans. However, even without
this knowledge, the results of this study suggest that soluble, bio-
available, non-toxic chitosans have the ability to protect living
organisms from damage by biologically significant peroxyl radicals
with an efficiency similar to that of ascorbate, an efficient antioxi-
dant that is found in human blood serum and other tissues.34,35 In
the future, the mechanism controlling the above observations
clearly requires additional study.

In recent studies, several Mr chitosans were used as dietary
supplement, all over the world.36,37 High Mr chitosans such as
CT6, 7 having most of these properties would be expected in the
absorption of certain lipids and bile acid. On the other hand, the
major predicted properties of low Mr chitosans would be to absorb
such substances, but also to confer some new properties, including
antimicrobial, antitumor, immuno-stimulating, antidiabetic, and
antioxidant effects. In fact, we also showed that the administration
of low Mr chitosan (Mr = 20,000), as well as CT2, to human volun-
teers prevented HSA oxidation in vivo.19 Therefore, the appropriate
chitosan should be used and the molecular weight must be taken
into consideration, when equivalent amounts of chitosan are used.

These results show that low Mr chitosans (CT1–CT5) have
impressive antioxidant properties, especially antioxidant activity,
the ability to scavenge hydroxyl radicals and to reduce cupric ions.
In addition, high Mr chitosan was much less effective in terms of
antioxidant properties. On the basis of the results obtained, low
molecular weight chitosans (<30 kDa) with presumed antioxidant
properties may be used as a source of antioxidants, as a possible
food supplement or ingredient or in the pharmaceutical industry.

4. Experimental

4.1. Chemicals

Several molecular weight (Mr) chitosans (chitosan soluble
(CT1), chitosan 5 (CT4), chitosan 10 (CT5), chitosan 100 (CT6),
chitosan 50 (CT7), degree of deacetylation >90%), high grade fatty
acid free human serum albumin, ascorbic acid (Vitamin C), and
AAPH (2,20-azobis (2-amidinopropane) hydrochloride were pur-
chased from Wako (Tokyo, Japan). Other Mr chitosans (CT2, CT3,
degree of deacetylation >90%) were obtained from Dainichiseika
Color & Chemicals Mfg. Co., Ltd (Tokyo, Japan). The 1,10-diphenyl-
2-picrylhydrazyl (DPPH) and 2,20-azinobis (3-ethylbenzothiazo-
line-6-sulfonic acid) (ABTS) were supplied by Nacalai Tesque
(Kyoto, Japan). 2,4-Dinitrophenylhydrazine (DNPH) was purchased
from Sigma Chemical Co. (St. Louis, MO). Other chemicals used
herein were also of the highest grade commercially available, and
all solutions were prepared using deionized and distilled water.

4.2. Human plasma

Human plasma was obtained from healthy volunteers. All par-
ticipants gave informed consent, consistent with NIH guidelines.
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4.3. Determination of molecular weight (Mr) of chitosans

To measure the average viscosity Mr, intrinsic viscosity was
measured with a viscometer, and the viscosity average Mr of chito-
sans was calculated using the Mark–Houwink–Sakurada equation
with the reported Mark–Housink’s constants (Table 1).38

4.4. Individual plasma carbonyl contents measurement

Human plasma, with or without several Mr chitosans, was
oxidized by exposure to AAPH (20 mM) in 67 mM sodium phos-
phate buffer (pH 7.4, 37 �C), as described by Niki.39 After incuba-
tion for 6 hr, the extent of oxidation of individual plasma
proteins was determined by western blot analysis, as described
by Shacter et al.40 Plasma protein was diluted to 2 mg/mL of to-
tal plasma protein with phosphate-buffered saline (PBS) and de-
rived with anti-2,4 dinitrophenylhydrazine (DNP) using an
OxyBlot Kit (Serologicals Corporation, Norcross, GA, USA). Sam-
ples were diluted to 1 mg/mL of total protein by the addition
of an equal volume of nonreducing sample buffer, and 15 lL
samples was electrophoresed on duplicate SDS–PAGE gels
(12.5%). Following electrotransfer to a PVDF membrane, one blot
was stained for DNP using the OxyBlot Kit reagents. The second
blot was stained with Coomassie brilliant blue G for proteins.
The bands were visualized with chemiluminescent chemicals
and captured on film at 10 min. Each western blot included sam-
ples from both HD patients and healthy controls. These data
were recorded as DNP area/protein area, and are reported as
densitometry units. The mean for each subject group was calcu-
lated from each blot.

4.5. Effect of oxidation on HSA in the presence and absence of
chitosan

HSA (20 lM), with or without several Mr chitosans, was oxi-
dized by exposure to AAPH (20 mM) in 67 mM sodium phosphate
buffer (pH 7.4, 37 �C), as described by Niki.39 After incubation for 0,
2, 6, and 24 h, the protein carbonyl content was determined using
the method of Levine et al.41 The carbonyl groups were derived
with DNPH, producing dinitrophenylhydrazone products, which
were quantified by spectrophotometric analysis using a molar
absorption coefficient of 2.20 � 104 M�1 cm�1.

4.6. Scavenging activity of chitosan on DPPH and ABTS radicals

The radical scavenging activities of different concentrations of
chitosan were tested in an ethanolic solution (10 ml of ethanol,
10 ml of 50 mM 2-(N-morpholino) ethanesulfonic acid (MES)
buffer (pH 5.5), and 5 ml of 0.5 mM DPPH. Radical scavenging
was estimated from the decrease in the absorbance of DPPH rad-
icals at 517 nm.42 ABTS was dissolved in water to produce a
7.0 mM stock solution and the radical cation (ABTS�+) was pro-
duced by reacting 2.0 mM of ABTS with 2.45 mM of potassium
persulfate and allowing the mixture to stand in the dark at room
temperature overnight. For measurements of the decrease in
ABTS�+ radicals, an aliquot of the solution of Mr chitosan antiox-
idant was rapidly added to 75 lL of stock ABTS�+ solution and
the mixture was diluted with water to a final volume of
2.0 mL. The reaction of any antioxidant present with the ABTS�+

was estimated from the decrease of its absorbance at 734 nm.43

4.7. Reducing power by using the TPAC test

The evaluation of antioxidant power in several Mr chitosans
was determined using the ‘TPAC’ test (Cosmo Bio Co., Ltd, Tokyo,
Japan). This assay evaluated Cu+ levels derived by reduction of
Cu2+ by the action of antioxidants present in the sample. The stable
complex between Cu+ and bathocuproine was assayed at 490 nm,
with a sensitivity of 22 lmol L�1 of reducing power. The assay
was found to be linear from 1 to 2000 lmol L�1 of uric acid
(r = 0.99, p < 0.01). Both within-run and between-run assay vari-
ability, tested by repeatedly assaying five samples, was consis-
tently lower than 5%.
4.8. Statistics

Statistical significance was evaluated by the 2-tailed paired
Student’s t-test for comparison between 2 mean values and by
ANOVA followed by Newman–Keuls test for comparison among
>2 mean values. For all analyses, values of p < 0.05 were re-
garded as statistically significant. Results are reported as the
mean ± SEM.
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