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CUNSHAN ZHOU AND HAILE MA*

College of Biological and Environmental Engineering, Jiangsu University,
Zhen Jiang 212013, People’s Republic of China

Polysaccharide from Porphyra yezoensis (PYPS) was degraded by ultrasound in this study. The
changes of intrinsic viscosity with various conditions, such as ultrasonic power, irradiation time, reaction
temperature, initial pH value of solution, and its concentration, were investigated by using Ubbleholde
viscometry. It was found that the ultrasonic degradation rate of PYPS solution increases with the
increase of ultrasonic power and reaction temperature and the decrease of the initial pH value of the
solution. The order of the susceptibility of initial PYPS concentrations on degradation is 0.75 > 0.5
> 1.00 > 2.00 g/dL. The mechanism about the ultrasonic degradation of PYPS may be explained by
more for mechanical and less for radical effects. Relationships between degradation rate and
ultrasound time are exponential functions. The activation energy of ultrasonic degradation of PYPS
solution is 52.13 kJ/mol, which was calculated by the logarithmic form of the Arrhenius equation, and
is lower than one for the acid or enzyme catalyzing degradation of similar glycosidic bonds.

KEYWORDS: Polysaccharide; ultrasonic degradation; Porphyra yezoensis ; intrinsic viscosity

INTRODUCTION ature, initial pH value, and concentration of solution are studied
in our work. At the same time, the purposes of this study were
also to set up a kinetics equation describing the ultrasonic
degradation of polysaccharide and to elucidate the mechanism

Recently, ultrasonic degradation of polysaccharide solutions
has been extensively investigated in the laboratory and in the

food industry. In the case of polysaccharide degradation, studies . e P .
on the molecular properties of polysaccharides degraded by&Pout the effects of molecular weight (using intrinsic viscosity
as an index) on the degradation.

ultrasound have been investigated on starches, celluloses - -

dextrans, and chitosans (1—9). Otherwise, many properties of - Y8ZOensis an important ocean resource all over the world,
polysaccharides depend on their molecular weights. This refers@1d PYPS possesses many biological activite§ (1, 19).
to both physical characteristics such as solution viscosity and Other researchers have proved that the PYPS digested with
more complex properties such as bioactivity. It was confirmed £-2garase showed higher macrophage stimulation activities and

that polysaccharides froforphyra yezoensi®YPS) digested solubilities tha_n the _nati_ve one (11)._80, the PY_PS was used as
by using3-agarase showed a higher macrophage stimulation & sa_mpl_e for_ investigating ultrasonic degradation of polysac-
activity and solubility (10,11). Similarly, antithrombotic or ~ charide in this study.

stimulating plant growth activities also depend on its molecular
weight (12,13). MATERIALS AND METHODS

Because the average molecular weight of native polysaccha- samplesP. yezoensisas purchased from Nantong Lanbo Industry
rides is determined by their source of origin and cannot be, in Co. Ltd. (Jiangsu, ChinaR. yezoensipowder (40 mesh sieve) was
most cases, easily degraded, it is necessary to set up a kind oflefatted with supercritical CQor 5 h under the following conditions:
fast, efficient, and convenient method of degrading the native extraction, 45°C, 30 MPa; separation, 3%, 5 MPa; and C@flow
polysaccharides in order to achieve the desired molecular weightrate, 10 L/h. A 116 g amount of the defattedyezoensiwias extracted
(14). Chemical treatment, such as acid or alkali hydrolyisﬁs—( with :!_O L of distilled water at IOOC for 4.7 h. Then, the ext_ract was_
18), is often used, but its consumption of solvents and energy centrifuged at 3500 rpm for 15 min, _the supernata_nt was filtered with
is \}ast and chem’ical wastes are often unavoidable. So theWhatman no. 1 paper (Shanghai, China), and the filtrate was condensed

. . S ; to about 100 mL. Ethanol (400 mL, 95% v/v) was added to the
physical degradation method of polysaccharide is potentially condensed filtrate and left overnight at °€. After the resulting

likely. On the basis of the above fact, the method of ultrasonic precipitate had been collected by centrifugation (10 min, 3000 rpm), it
degradation was used in this study. For investigating the was dispersed with 100 mL of water and subjected to the Sevag method
variables influencing polysaccharide ultrasonic degradation, theto remove free protein®0). The extract was ultrafiltered/, cutoff,
effects of ultrasonic power, irradiation time, reaction temper- 10 kDa; PLCC 10K regenerated cellulose, Millipore), and the retentate
was precipitated in 95% ethanol of four times volume. Then, the

* To whom correspondence should be addressed. F8B 511 8797201. precipitate collected by centrifugation was dried at°45in vacuo;
Fax: +86 511 8780201. E-mail: mhl@ujs.edu.cn. thus, the PYPS was obtained.
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Table 1. Effects of Ultrasonic Power, Initial Solution Concentration, Initial Solution pH, and Temperature on the Ultrasonic Degradation of PYPS

experimental group? Gl G2 G3 G4
ultrasonic power (W) 400, 800, 1000, 1200 800 800 800
initial solution concentration (g/dL) 1.00 2.00,1.00, 0.75, 0.5 1.00 1.00
initial solution pH 6.39 6.39 6.39, 4.01, 3.00 6.39
temperature (°C) 30 30 30 30, 45, 60

2 Groups G1-G4 are for studying the effects of ultrasonic power, initial solution concentration, initial solution pH, and temperature on the degradation of PYPS, respectively.

Purification of PYPS. A 300 mg amount of PYPS was put into a
DEAE-52 column (2.6 cmx 60 cm) that had been equilibrated with
the distilled water. After the column was washed with the distilled water,
the absorbed materials were eluted with a gradient of NaCl (0.05, 0.1,
0.2, 0.3, and 0.5 mol/L) at a flow rate of 0.4 mL/min. The fractions
containing total carbohydrate detected by the sulfuric acid—phenol
method 21) and six fractions (PYPS1, PYPS2, PYPS3, PYPS4, PYPS5,
and PYPS6) were collected.

Mensuration of Homogeneity and Molecular Weight of Fractions.
PYPS1 to PYPS6 were mensurated by high performance gel permeatio
chromatography (HPGPC) fitted with GPC software on a column of
Ultrahydrogel 1000, eluted by 0.001 mol/L NaOH. The column was
precalibrated using standard T-Detrans (T-500, T-110, T-80, T-70, T-40,
and T-9.3). All samples were prepared as 0.1% (w/v) solutions, and
20 uL of solution was injected in each run.

Ultrasonic Treatment. Ultrasonic irradiation was carried out using
a HF-20B ultrasonic reactor (20 kHz, 160500 W, Beijing Hong
Xiang Long Biotechnology Developing Co., Ltd.). The PYPS solution
was placed in a reaction vessel, which was a 50 mL rosette cell,
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Figure 1. Elution profile of PYPS on a DEAE-52 column (2.6 cm x 60

thermostated throughout the irradiation in a water bath (HH-S2, Chang cm
Zhou Jin Tan Ltd.). To reduce the experimental errors caused by uneven

).

power transfer, the sample was located just under the ultrasound source _
and dipped into sample about 20 mm. Irradiated samples were preparec .

in three replicates.

Effects of Ultrasonic Power, Initial Solution Concentration,
Initial Solution pH, and Temperature on the Ultrasonic Degrada-
tion of PYPS. Effects on the ultrasonic degradation tested in the present
work were arranged as follows (Table 1).

Analysis. The total carbohydrate content was measured by the
sulfuric acid—phenol method using galactose as a stan@&) The
protein content was measured by Lowry’s method using bovine serum

albumin as a standard (23). Crude fat was measured by the Soxhlet

extraction procedure (24). PYPS's intrinsic viscosity [#], which is an

PYPS5

index for indirectly appraising the degree of degradation, was measuredFigure 2. HPGPC chromatograms of PYPS3, PYPS4, and PYPS5.

by an Ubbelohde capillary (@ 0-%.6 mm, 0.01187 m#fs®) at 25 +
0.1°C. The y] value was determined by the mean intercept of Huggins
and Kraemer plots (25), using the Huggins equation

Ul
< = +kn’c &
and the Kraemer equation
N7,¢
= =l —kdn)’c @)

wherene, 7sp, and fy] are the relative, specific, and intrinsic viscosities,
respectively, andy and kg are the Huggins and Kraemer constants,
respectively.

RESULTS AND DISCUSSION

Isolation, Purification, Homogeneity, and Molecular Weight
of PYPS. The investigated®. yezoensigontains 31.56% (w/
w) of carbohydrates, 4.26% (w/w) of crude fat, and 44.16%
(w/w) of protein on the basis of the starting dry weight. After
extraction by supercritical CQthe crude fat in the residue is
no more than 0.31% (w/w) of the residue dry weight. The

0.44% (w/w) after six times of Sevag’s removal of the protein.
The final yield of PYPS amounted to 6.24% (w/w) of the starting
P. yezoensigiry weight and contained 94.59% (w/w) total
carbohydrate of the fraction dry weight. Purification results of
PYPS on DEAE-52 are shown iRigure 1. PYPS3, PYPS4,
and PYPS5 showed a symmetrical peak in HPGPC, as shown
in Figure 2. PYPS3, PYPS4, and PYPS5 molecular weights
were determined to be 2.2 10°, 3.8 x 10°, and 6.1x 1P,
respectively, in reference to standard dextrans.

Effect of Power on the Ultrasonic Degradation of PYPS.
The effect of ultrasonic power on the ultrasonic degradation of
PYPS solution (the conditions of experiment correspond to G1
in Table 1) is shown inFigure 3. It can be found that ultrasonic
degradation of PYPS solution did not result in any foam
formation. The intrinsic viscosity of PYPS decreases rapidly in
the early 120 min of irradiation time and gradually tends to a
constant value with time. The effect of the ultrasonic power on
degradation of PYPS in the experimental time range from O to
240 min is that the intrinsic viscosity decreases with the
ultrasonic power. Similar results can be found in ultrasonic
degradation of dextrans, sodium dodecylbenzene sulfonate, and
azo dye (26-28). Differentiating from lower frequency (20 kHz

protein content of the crude polysaccharides is decreased toof this study), responsible effects of higher frequencreSq0
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Figure 3. Ultrasonic degradation of PYPS at different powers.
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Figure 4. Ultrasonic degradation of PYPS at different concentrations.

kHz) on degradation are radical reactio29), So, the effect
of power on the sonolysis of PYPS may be explained by more

by mechanical and less by radical effects. However, when the
polysaccharide was degraded at the fixed ultrasonic power and
frequency to a certain molecular weight, mechanical degradation

cannot continue. As can be seen fréigure 3, the ultrasonic

degradation curve corresponding to each ultrasonic power tends

respectively, to a constang][value. It indicates that there is a
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Figure 5. Ultrasonic degradation of PYPS at different pH values.

units and (++4)-linked 3,6-anhydrax-L-galactose units, which
sometimes occur as the 6-sulfate and 2 @-@ethyl of galac-
tose derivative33, 34). According to the PYPS’s primary struc-
ture concluded and validated by Takahashi et al., it can be
judged that PYPS is a kind of surfactant (35). The froth of
surfactant can bring negative influence to ultrasonic wave trans-
mit, further affecting the act of degradation. Consequently, de-
creasing the polysaccharides concentration to just above CMC'’s
value could increase the process of ultrasonic degradation. If
the CMC'’s value is increased up to a concentration of 5%, the
reaction rate of ultrasonic degradation of trichloroethylene (TCE)
decreased markedly. Micella sequestration of TCE seems to be
the main reason for this additional inhibitio86).

Effect of Initial Solution pH on the Ultrasonic Degradation
of PYPS. Figure 5shows the profiles on PYPS’s initial solution
pH irradiation time during ultrasonic degradation in the pH range
of 6.39—3.00 at 30C, 1.00 g/dL, and 800 W (corresponding
to G3 inTable 1). pH 6.39 is the pH value of the initial PYPS
solution, and pH 4.01 and pH 3.00 were achieved by adding
certain 0.5 mol/L amounts of HCI into the initial PYPS solution.
The intrinsic viscosity of PYPS decreased with a decrease of
the initial pH. In general, when HCI solutions are added,
chemical reactivity is believed to be initiated by the acid
hydrolysis. So, the partial reason of pH effect may be brought
by acid hydrolysis. However, as comparedRigure 5 with

polysaccharides of acid hydrolysis, it can be found that ultrasonic

better corresponding relation between degradation extent angdégradation here is the main effect, and the process does not

ultrasonic parameter.

Effect of Initial Solution Concentration on Ultrasonic
Degradation of PYPS.The effect of initial solution concentra-
tion on ultrasonic degradation of PYPS solution in the concen-
tration range of 0.562.00 g/dL at 3C°C, pH 6.39, and 800 W
(corresponding to G2 iable 1) is shown inFigure 4. The
susceptibility of initial PYPS concentrations to degradation is
at the order of 0.75> 0.50 > 1.00 > 2.00 g/dL, just as
Ashokkumar et al.’s conclusions3@), so 0.75 g/dL is the
potential critical micelle concentration (CMC) of PYPS. This
can also be confirmed by polysaccharide frém yezoensis
having an emulsifying ability as studied by Takahashi et al.

fully comply with a first-order reaction like acid hydrolysi3{,
38). Furthermore, polysaccharides fréinyezoensisxhibited
a high emulsifying activity index and a high emulsion stability
over a wide range of pH values (3:8.0) (31), which can
indirectly imply that the effect of initial solution pH on the
ultrasonic degradation is not the background degradation and
the real effect and mechanism should be further studied.
Effect of Temperature on the Ultrasonic Degradation of
PYPS.The effect of irradiation time on the ultrasonic degrada-
tion of PYPS solution in the range of 30—6C for the 1.00
g/dL solution concentration at 800 W (corresponding to G4 in
Table 1) is shown irFigure 6. The intrinsic viscosity of PYPS

(31). The same conclusion was also reported by Vinodgopal etdecreases rapidly in the first 2 hiofadiation time and gradually

al. (32).
Furthermore, the different polysaccharides frBnyezoensijs

tends to a constant value with time. The effect of temperature
on the ultrasonic degradation of PYPS in the experimental time

including the degraded one, basically have the same primaryrange from 0 to 240 min is that the intrinsic viscosity decreases

structure as follows: alternating (13)-linked -p-galactose

with the ultrasonic temperature.
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Figure 6. Ultrasonic degradation of PYPS at different temperatures. Figure 7. Overall rate expression for PYPS solution under ultrasonic

degradation.

Calculation of the Activation Energy for Ultrasonic o )
Degradation of PYPS.The activation energy is the minimum  the degradation time. From this dependericejas evaluated
amount of energy required to initiate a reaction. It is one of the PY €xponential regression analysis (egs8§ of the data points
important indexes for appraising a reaction. The activation (Figure 7), first derivative (eqs 911), and limit (eqs 1214).
energy for ultrasonic degradation of PYPS is calculated as
fono\,%é 9 kt x 10° = —7.679& 51590+ 7,686 (R =

Like acid hydrolysis and thermal degradation of polysaccha- 0.99996), 30C (6)
ride, the rate constant of the degradation can be obtained from _4181.762)
the plot of the reciprocal molecular mass against time (eq 3) kt x 10°= —11.451& 187994+ 11 590 (R=

(39, 40). 0.99800),45C (7)
22k @)  kix 10°=—13.9126 V185991 14,002 (B=
t Mo M 0.99798), 60C (8)
whereM; andMy (kDa) are the molecular masses at titvend _ .
0, respectivelyk is the first-order rate constant,(min) is k x 10° = 0.051& %% 30 °C 9)
ultrasonic time, andn (kDa) is the average molecular mass of _211321) 4p o
a monosaccharide unit, based on the assumptionotiat-3) k x 10°=0.063¢ ,45°C (10)
andp(1—4) glycosidic linkages in these polysaccharides show 4 .
similar susceptibility to breaks by ultrasound. k x 10° = 0.074& %82 60 °C (11)
The combination of eq 3 and MatfiHouwink eq 4.1:
a a lim 0.051& "1518%0= 0 051, 3C°C (12)
[7] = Ky x M (4.1)
lim 0.063& "#11-32= 0,063, 45°C 13
gives theoretically a relationship betweejj dndt as follows: t—0 (13)
1 1 _ okt (5) lim 0.074¢& "188529= 0 074, 60°C (14)
1/o t—0

e W1g* mx K™

The temperature dependencekdbr PYPS solution is given
where [} and [#b (mL/g) are the intrinsic viscosities at time  in Figure 8. An Arrhenius rate law type (eq 15) dependent on
t and 0, respectivelyKyy and o are constants for a given In(k) againsfl ! is observed irFigure 8. From this dependence,

system, which can be found from the logarithmic form of the activation energy { was evaluated by linear regression

Mark—Houwink eq 4.2: analysis of the data points. The activation energy for ultrasonic
degradation of PYPS solution is 52.13 kJ/mol, which was
log [7] = log Ky, + alog M, (4.2) evaluated from the logarithmic form of the Arrhenius eq 20 by

S _ ) plotting In(k) againstr—=
where [n] (mL/g) is intrinsic viscosity ani,, is the average
viscosity molecular weight. E,

For the system of this studiw = 0.00786 andx = 0.626 Ink=— 5+ InA (15)
of PYPS at 25°C was found by using PYPS3, PYPS4, and
PYPS5. Them = 0.18 kDa for PYPS was obtained from the whereA is the Arrhenius constarR is the universal gas constant
literature (41). (8.314 J mot! K1), andT is the absolute temperature.

The kt dependence of the degradation time for ultrasonic  Comparing carrageenan (x- ang with PYPS having a
degradation of PYPS solution at temperatures of 30, 45, andsimilar backbone structure of(1—3) andf(1—4) glycosidic
60 °C is shown inFigure 7 and illustrates that for the cases an of galactose, its activation energy of acid hydrolysis is from
exponential curve exists betwekhof the PYPS solution and 120 to 190 kJ/mol42). The activation energy ¢f-galactosidase
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