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Porphyran extracted from Porphyra haitanensis is a sulfated polysaccharide, which possesses excellent
antioxidant activities. In this study, we prepared porphyran and alkali-treated porphyran and their deriv-
atives, sulfated porphyran and acetylated porphyran. Their antioxidant activities including scavenging
effect on superoxide radical, 1,1-diphenyl-2-picrylhydrazyl radical and reducing power were investi-
gated. The results of chemical analysis and FT-IR spectrums indicated that the modification was success-
ful. And in addition, we found that certain derivative exhibited stronger antioxidant activity than raw
material porphyran. The sulfated derivative with certain DS showed stronger antioxidant activity. The
acetylated derivative showed the most excellent antioxidant activity in three assays we made, and so this
derivative needs to be attended to.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

In aerobic organisms the energy needed to fuel biological
functions is produced in the mitochondria via the electron trans-
port chain. In addition to energy, reactive oxygen species (ROS)
which have the potential to cause cellular damage are produced.
ROS can damage DNA, RNA and proteins which theoretically
contribute to the physiology of ageing (Patel, Cornwell, & Dar-
ley-USMAR, 1999). In order to reduce damage to the human
body and prolong the storage stability of foods, synthetic antiox-
idants are used for industrial processing. In general, the natural
antioxidants mainly make up many compounds including pheno-
lic, nitrogen compounds and carotenoids (Nandita & Rajini,
2004). In recent years, many marine resources have attracted
attention in the search for bioactive compounds to develop
new drugs and health foods (Nagai & Yukimoto, 2003). Qi
et al. (2005) reported that polysaccharide extracted from Ulva
pertusa showed excellent radical-scavenging activity against
superoxidant and hydroxyl radical.

Polysaccharide, made up of many monosaccharides joined to-
gether by glycosidic bonds, possess marked immunological proper-
ties ranging from nonspecific stimulation of host immune system,
resulting in anti-tumor, anti-viral, and anti-infective effects, to
antioxidant, anti-mutagenic or hematopoietic activity (Bohn &
BeMiller, 1995; Kennedy, 1989; Kennedy & White, 1983). The high
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potential for exploiting these natural biopolymers with their broad
range of structural, functional and physicochemical properties, in
various applications has provided the stimulus for the search for
new or modified polysaccharides (Geresh, Dawadi, & Arad (Malis),
2000). Recently, various physiological chemistry effects of polysac-
charide from sea algae have been verified and the interest on sea
algae inducing bioactive materials has been increased. Porphyran,
the sulfated polysaccharides comprising the hot-water soluble
portion of cell wall, is the main component of red algae, Porphyra
haitanensis. It contains disaccharide units consisting of 3-linked
B-p-galactosyl residues alternating with 4-linked o-L-galactose,
and some residues occur as the 6-sulfate (Gretz, McCandless, Aron-
son, & Sommerfeld, 1983). Like the general polysaccharide, por-
phyran possesses excellent bioactivities. Zhao et al. (2006)
reported porphyran showed strong antioxidant activities in two as-
say systems made.

Generally speaking, the antioxidant activity of polysaccharide
depends on several structural parameters such as degree of sub-
stitution (DS), the molecular weight, type of sugar and functional
groups (Melo, Feitosa, Freitas, & de Paula, 2002). Chemical modi-
fication of polysaccharides provided an opportunity to obtain new
pharmacological agents with possible therapeutic uses (Franz &
Alban, 1995). In the present study, porphyran and alkali-treated
porphyran and their derivatives, sulfated porphyran and
acetylated porphyran were prepared (Scheme 1). And then we
evaluated their antioxidant activities in vitro and characterized
the relationship between antioxidant activity and chemical
characteristics.
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Scheme 1. The structure and synthesis of porphyran and its derivatives.

2. Materials and methods
2.1. Materials

Porphyra haitanensis, cultured near the coast of Putian County,
Fujian Province, China, was collected in December 2003. Natural
polysaccharide porphyran (1) was isolated from hot-water soluble
extracts of P. haitanensis as described previously (Nishide, Ohno,
Anzai, & Uchida, 1988). In brief, the algae was first treated with di-
lute formaldehyde solution, and then extracted with hot water.

Nitro blue tetrazolium (NBT), phenazine methosulfate (PMS),
nicotinamide adenine dinucleotide-reduced (NADH), trichloroace-
tic acid (TCA), 1,1-diphenyl-2-picry-hydrazyl (DPPH) and N-bro-
mosuccinimide (NBS) were purchased from Sigma Chemical Co.
Ascorbic acid, sodium citrate and other reagents were of analytical
grade. Dialysis membranes were produced by Spectrum Co., and
molecular weight was cut off at 3600 Da.

2.2. Analytical methods

Sulfate content was determined by barium chloride-gelatin
method (Kawai, Seno, & Anno, 1969). The degree of substitution
(DS) of sulfation was obtained as the following equation:

304 x S%

DS =96 102 x 5%’

where S% is the content of sulfate group.

The acetyl content was determined by the modified hydroxyl-
amine-ferric trichloride method (Notari & Munson, 1969). The de-
gree of substitution (DS) of acetylation was obtained as the
following equation:

304 x W%

DS= B mwa

where W% is the content of acetyl group.

Total sugar content was determined by phenol-sulfuric acid
method (Dubois, Gillis, Hamilton, Rebers, & Smith, 1956) using p-
galactose as standard. 3,6-Anhydrogalactose content was deter-
mined as described previously (Yaphe & Arsenault, 1965).

Infrared spectrums were measured by a Nicolet Magna-Avatar
360 with KBr disks.

Molecular weight of all samples was determined by HP-GPC on
a Waters 515 GPC system at 35 °C, where 0.7% Na,SO,4 solution was
used as mobile phase with a flow rate of 0.5 mL/min. TSK G3000
column (300 mm x 7.8 mm) and 2140 refractive index detector
was used. A series of different molecular weight dextrans pur-
chased from the National Institute for the Control of Pharmaceuti-
cal and Biological Products (China) were used as standard.

2.3. Preparation of the different derivatives of porphyran

2.3.1. Alkali treatment of porphyran

A solution of porphyran (1.6 g) in distilled water (250 mL) was
treated with NaBH,4 (0.2 g) at room temperature for 48 h, and then
NaOH (10.0 g) and NaBH4 (3.0 g) were added and the mixture was
heated to 80 °C for 2 h, neutralized, dialyzed and freeze-dried to
give the alkali-treated porphyran (2) (Gretz et al., 1983).

2.3.2. Sulfation of porphyran

The sulfation reagent, SO3;-DMF, was obtained by dropping
50 mL chlorosulfonic acid (HCISO3) into 300 mL N,N-dimethyl-
formamide (DMF) under cooling in an ice-water bath. Porphyran
(2.0 g) was added to FA (80 mL), and the mixture was stirred at
50 °C for 30 min in order to disperse into solvent. Then SO;-DMF
(15 mL) reagent was added. After 3 h, the mixture was cooled
and precipitated with 75% ethanol. The precipitate which was dis-
solved in 100 mL distilled water was neutralized and dialyzed
(Wang, Liu, Zhang, Zhang, & Qi, 2009). And then, the resultant
was concentrated and lyophilized to give the product sulfated por-
phyran (3).

2.3.3. Acetylation of porphyran and alkali-treated porphyran
Compound 1 (2.0 g) was, respectively, dispersed in FA (80 mL),
and the mixture was stirred at 80 °C for 30 min, then added acetic
anhydride (50 mL) and 1% NBS (50 mg NBS dissolved in 50 mL ace-
tic anhydride). After reaction at 80 °C for 6 h, added 20 mL distilled
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water to terminate reaction, cooled to room temperature and pre-
cipitated with 75% ethanol for 12 h. The precipitate was filtered off
and washed three times with ethanol, and then was dissolved in
100 mL distilled water. The solution was neutralized with 1M
NaOH solution and dialyzed against tap water for 48 h and distilled
water for 24 h using 3600 Da Mw cutoff dialysis membranes
(Wang et al., 2009). The resultant was concentrated and lyophi-
lized to give the product acetylated porphyran (4). The sample 2
was handled with the same method to give the acetylated alkali-
treated porphyran (5).

2.4. Antioxidant activities

2.4.1. Superoxide radical assay

The superoxide radical scavenging abilities of all the samples
were assessed by the method of Nishimiki, Rao, and Yagi (1972).
In this experiment, superoxide anion radicals were generated in
45 mL Tris-HCl buffer solution (16 mM, pH 8.0) containing
0.5 mL NBT (300 uM) solution, 0.5 mL NADH (468 uM) solution
and one sample (0.5-50.0 pg/mL). The reaction was started by add-
ing 0.5 mL PMS (60 nM) solution to the mixture. The reaction mix-
ture was incubated at room temperature for 5 min and the
absorbance was read at 560 nm by a spectrophotometer against
blank samples. Decreased absorbance of the reaction mixture indi-
cated increased superoxide radical-scavenging activity. The capa-
bility of scavenging the superoxide anion radicals was calculated
using the following equation:

Scavenging effect (%) = (1 JM) x 100,

controlsgg

where Agmpleg,, is the absorbance of the control (Tris-HCl buffer, in-
stead of sample).

2.4.2. DPPH radical-scavenging assay

The abilities of all the samples on scavenging DPPH radical was
studied employing the modified method described earlier by Yam-
aguchi, Takamura, Matoba, and Terao (1998). Briefly, 1 mL DPPH
solution (0.1 mM, in 50% ethanol solution) was incubated with
varying concentrations of the sample. The reaction mixture was
shaken well and incubated for 20 min at room temperature and
the absorbance of the resulting solution was read at 517 nm
against a blank. The radical-scavenging activity was measured as
a decrease in the absorbance of DPPH and was calculated using
the following equation:

Scavenging effect (%) = <1 —m> x 100,

controlsq7

where Agampie,;, 1S the absorbance of the control (50% ethanol solu-
tion, instead of sample).

2.4.3. Reducing power assay

The reducing power was determined as described previously by
Yen and Chen (1995). Briefly, 1.0 mL different concentration of
samples (0.47-6.0 mg/mL) in phosphate buffer (0.2 M, pH 6.6)
was mixed with 1.0 mL potassium ferricyanide (1%, w/v), and
was incubated at 50 °C for 20 min. Afterwards, 2.0 mL trichloroace-
tic acid (10%, w/v) was added to the mixture to terminate the reac-
tion. Then the solution was mixed with 1.2 mL ferric chloride (0.1%,
w/v) and the absorbance was measured at 700 nm. Increased
absorbance of reaction mixture indicated increased reducing
power.

3. Results and discussion
3.1. Derivation of porphyran

Limited solubility of biopolymers restricts the number and nat-
ure of reagents that could be used for their chemical modification.
Porphyran is only soluble in formamide (FA) among the organic
solvents. In order to give a maximum conversion of porphyran to
its derivative, it is advisable to carry out the reaction in a homoge-
neous medium, requiring a suitable solvent systematic. And then
porphyran was subjected to persulfation with sulfur trioxide-
formamide to both increase its negative charge and decrease its se-
quence heterogeneity. In the reaction system in which FA acted as
the solvent, DS of product increased obviously, which suggested
that effects of solvent prominent in the sulfation. And then porphy-
ran was acetylated homogeneously in formamide with acetic
anhydride in the presence of NBS as a catalyst. The products were
characterized by chemical analysis and IR spectrum.

3.2. Chemical analysis

The chemical composition and characterizations of all the sam-
ples were given in Table 1. Relatively to raw material, the total sug-
ars of the derivatives decreased after modified. The effects of alkali
treatment under conditions recommended for the elimination of
sulfate from galactose-6-sulfate with concomitant formation of
3,6-anhydrogalactose have been shown for porphyran (Rees,
1961). The sulfate and acetyl contents of the derivatives were high-
er than their raw material, which indicated the derivation was suc-
cessful. And on the other hand, 3,6-anhydrogalactose content of
sample 5 was remarkably lower than sample 2. The reason was
probably that some links with 3,6-anhydrogalactose in the molec-
ular chain break down or that inner ether opened during the mod-
ified reaction and so the content of 3,6-anhydrogalactose
decreased. In the sulfation and acetylation reaction process of poly-
saccharides, degradation was usually accompanied. Table 1
showed the molecular weights of all the samples. From that we
can find the reactant degraded heavily because of the acid
surroundings.

3.3. FT-IR spectrum

The FT-IR spectrum of the products was shown in Fig. 1. Typical
signals of porphyran at 1646, 1419, 1225, 1155, 1073, 930 and
817 cm~! were clear for all the samples. The signal at 1225 cm™!
was assigned to the asymmetric stretching vibration of sulfate
group, and the signal at 817 cm~! was indicative of a sulfate group
attached to a primary hydroxyl group (Brasch, Chang, Chuah, &
Melton, 1981). For the alkali-treated porphyran, IR spectroscopy
gave a sharp absorption band at 930 cm ™' (3,6-anhydrogalactose)
and a little absorption at 1225 and 817 cm™'. FT-IR spectra of the
sulfated porphyran showed two characteristic absorption bands
at 1225 and 817 cm™ . The IR spectra of acetylated porphyran pre-
pared represented the characteristics of esterified products by dis-
playing essential bands of ester compounds at 1730 cm™! (C=0
stretching vibration) and 1373 cm~! (—C—0—C— st.).

3.4. Antioxidant activities

3.4.1. Superoxide radical assay

The superoxide radical (-O~2) was a highly toxic species that
was generated in a PMS/NADH system for being assayed in the
reduction of NBT (Banerjee, Dasgupta, & De, 2005). Fig. 2 depicted
the inhibitory effect on the superoxide radical of all the samples. It
indicated that all the samples exhibited varying degrees of antiox-
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Table 1
The chemical composition and characterizations of all the samples.
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Samples Yield (%) Total sugar (%) 3,6-Anhydr-ogalactose (%) Sulfate (%) DS (sulfate) Acetyl (%) DS (acetyl) Molecular weight Mn x 1074
1 - 78.86 8.05 17.05 0.67 - - 27.7

2 69.12 102.4 29.7 248 0.08 - - 18.5

3 93.77 54.47 5.25 39.20 2.13 - - 2.63

4 93.61 74.39 11.12 14.08 0.52 5.88 0.44 2.53

5 87.23 85.25 10.86 2.14 0.07 6.30 0.47 2.55

% Transmittance

2000

Wavenumbers (cm-1)

Fig. 1. FT-IR spectrums of the sample porphyran and its derivatives.
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Fig. 2. Scavenging effects of the sample porphyran and its derivatives on super-
oxide radical. Values are means = SD (n = 3).

idant activity. Especially, two acetylated products 4 and 5 showed
significant scavenging effects. At the concentration of 22.0 ng/mlL,
the inhibitory effect was 96.3% and 91.9%, respectively. At the con-
centration below 45.1 pg/mlL, sulfated porphyran 3 showed uni-
form scavenging activity against superoxide radicals with 1 and
2. At the concentration over 50.0 pg/mL, scavenging activity of 3
was stronger than that of 1 and 2.

It was reported that addition of electron-withdrawing groups to
the pyrrole enhanced antioxidant activity (Yanagimoto, Lee, Ochi,
& Shibamoto, 2002). So the presence of the sulfated group could in-
crease the activity of scavenging radicals. However, the electron
density of the carbon atoms on a heterocyclic ring was not the only
reason to determine the strength of the antioxidant. In this assay,
acetylated products also showed strong scavenging activity. We
supposed that presence of acetyl group could change the polarity
of the compound, which has effect on antioxidant ability. Although
superoxide was a relatively weak oxidant, it decomposed to form
stronger, reactive oxidative species, such as singlet oxygen and hy-
droxyl radicals, which initiate peroxidation of lipids. Furthermore,

superoxides were also known to indirectly initiate lipid peroxida-
tion as a result of H,O, formation, creating precursors of hydroxyl
radicals (Dahl & Richardson, 1978). Based on this, the antioxidant
activities of all the samples were also related to their ability to
scavenge superoxide radical.

3.4.2. DPPH radical-scavenging assay

Total DPPH scavenging effects of all samples at varying concen-
trations were measured and the results were depicted in Fig. 3. Ex-
cept for the sulfated derivative, other samples showed stronger
scavenging effect on DPPH. At the concentration below 1.25 mg/
mL, the scavenging effects of 5 was weaker than 1 and 2. But when
it was over the above concentration, the former showed stronger
effect by the concentration and the effect exceed the other acety-
lated derivative finally.

The effect of antioxidants on DPPH radical scavenging was
thought to be due to their hydrogen-donating abilities. DPPH was
a stable free radical and accepts an electron or hydrogen radical
to become a stable diamagnetic molecule (Soares, Dins, Cunha, &
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Fig. 3. Scavenging effects of the sample porphyran and its derivatives on DPPH
radical. Values are means + SD (n = 3).
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Almeida, 1997). In our opinion, the presence of acetyl groups in the
molecule could activate the hydrogen atom of the anomeric car-
bon. In the present study, the sulfated derivative showed weak
scavenging activity on DPPH radicals, which may be attributable
to its weak hydrogen-donating. At the concentration of 1.0 mg/
mL, the scavenging effect of butylated hydroxyanisole (BHA) was
only 12.2% (Mau, Chang, Huang, & Chen, 2004), which was lower
than the acetylated derivatives, it was evident that these deriva-
tives did show strong proton-donating abilities and could serve
as free-radical inhibitors or scavengers, acting possibly as primary
antioxidants.

3.4.3. Reducing power assay

The reducing power of all samples was shown in Fig. 4. As
shown in the figure, the reducing power of the samples correlated
well with increasing concentration. And the reducing powers of 4
and 5 were 0.71 and 1.01 at the concentration of 4.07 and
3.98 mg/mL, respectively, which showed stronger reducing pow-
ers. In contrast, the reducing power of sulfated derivative 3 was
only 0.32 at 4.00 mg/mL because of the slow rate of increasing
power with increasing concentration.

It has been previously reported that there was a direct correla-
tion between antioxidant activities and reducing power of certain
plant extracts (Duh, Du, & Yen, 1999). The reducing properties
are generally associated with the presence of reductones, which
have been shown to exert antioxidant action by breaking the free
radical chain by donating a hydrogen atom (Nishide et al., 1988).
Reductones are also reported to react with certain precursors of
peroxide, thus preventing peroxide formation. In this assay, acety-
lated derivatives with high donating-hydrogen abilities showed
excellent reducing power probably. And for sulfated derivative,
the introduction of the sulfate group lead to the diminution of hy-
droxyl groups, which resulted in the descent of the reducing
power.

3.5. Analysis of structure-activity

Chemical modification of polysaccharide is an important part in
obtaining news antioxidants. In general, the presence of sulfate
group is an essential requirement for the antioxidant activity. DS
of polysaccharide is also an important parameter influencing anti-
oxidant activity. In this paper, the desulphurization of porphyran
was executed via alkali treatment. The result was that the sample
2 with lower DS showed lower activities than raw material 1 in
there assays. However, the DPPH radical-scavenging activity and
reducing power also decreased for sulfated porphyran with high
DS. This suggested that though the sulfate group was essential,
the certain DS was also necessary for the activity. On the other
hand, the acetyl group could significantly increase antioxidant
activities. Two acetylated derivatives 4 and 5 showed more excel-

12
]_
0.8
g -
Q
gos- -2
£ o4l D
« U 4
02+ =5
0 . . ,
0 1 2 3 4 5

concentration (mg/mL)

Fig. 4. Reducing power assay of the sample porphyran and its derivatives. Values
are means + SD (n=3).

lent antioxidant activities than other samples with no acetyl group.
And especially, 4 and 5 contain the approximate content of acetyl
group but 5 was with a little sulfate group. The result was that 5
showed parallel or higher activities in three activity assays. This
indicated that acetyl group could much more increase antioxidant
activities relatively to sulfate group.

Besides DS, the molecular weight is another important parame-
ter influencing antioxidant activities. Zhao et al. (2006) reported
that the porphyran with different molecular weight showed differ-
ent antioxidant activities. Higher antioxidant activities were found
when the molecular weight decreased. In the present research, the
decrease of molecular weight is due to the reaction of acidic sur-
roundings. But on the lateral face, the acetylated derivative with
lower molecular weight which showed higher bioactivity might
be related. However, the bad activities of sulfated derivative 3 in
the latter two activities assays indicated that sulfate group was a
more influential parameter than molecular weight.

4. Conclusion

In the present study, porphyran and its derivatives, sulfated
porphyran and acetylated porphyran were prepared. And then
we evaluated their antioxidant activities in vitro and characterized
the relationship between antioxidant activity and chemical charac-
teristics. The activities were strongly dependant on the function
group and DS. In this study, the antioxidant activities depend on
the function group, degree of substitution and molecular weight.
Function group and certain DS would be influential parameter on
antioxidant activities. And further studies are needed to improve
our understanding of antioxidant activities mechanism.
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