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ABSTRACT 

An experiment was performed by adjusting the pH value 
(4-10) of a 10%-to-90% ethanol solution (v/v) and using it as 
an extraction solvent and, subsequently, using microwave- 
assisted extraction (MAE) to extract Porphyra denate solu-
tions.  The sulfated polysaccharides (µg/mL) of these extrac-
tion solutions were evaluated.  The optimal treatments of P. 
denate extracts obtained using MAE were studied using re-
sponse surface methodology.  The study was performed using 
a three-level, four-factor design and aimed to determine the 
optimal combinations of the ethanol concentration (10%-90%, 
v/v, X1), pH value of an ethanol solution (4-10, X2), microwave 
power level (200-400 W, X3), and heating time of a microwave 
field (1-5 min, X4) that optimized the sulfated polysaccharide 
effect of a P. denate extract solution.  The response variable of 
the sulfated polysaccharide effect was considerably affected 
by the ethanol concentration, and the pH value of the ethanol 
solution was at a 0.1% significant level.  The optimal treat-
ments were established by adjusting the pH value between 8 
and 9 and the ethanol concentration between 30% and 50% 
and, subsequently, using a 1-min heating time in a 200-W 
microwave field. 

I. INTRODUCTION 

All seaweeds are rich sources of sulfated polysaccharides, 
including several that have become valuable additives in the 
food industry because of their rheological properties as gelling 
and thickening agents (e.g., carrageenan).  In addition, sulfated 

polysaccharides exhibit several biological activities including 
antioxidant, anticoagulant, antitumor, antiviral, immunomodu- 
latory, and immunoinflammatory effects, as well as specific 
activities against kidney, liver, and urinary system disorders that 
may be relevant in nutraceutical and functional food as well as 
cosmetic, cosmeceutical, and pharmaceutical applications [2, 
12].  Sulfated polysaccharides are found in the three main divi-
sions of marine algal groups, Rhodophyta, Phaeophyta, and 
Chlorophyta [5].  Among these three groups, Phaeophyta has 
received most attention because they have a higher sulfate 
content than the other two groups do [7].  There has been little 
research on sulfated polysaccharides from Porphyra (Rhodo- 
phyta), and, thus, they deserve further exploration [19].  The 
Porphyra species are edible red algae that are abundantly cul-
tivated in East and Southeast Asia [11].  The edible red sea-
weed, P. dentate (Bangiaceae), is widely distributed in East- 
Asian countries [15].  Porphyran, one of the main constituents 
of the Porphyra species, is a linear sulfated polysaccharide 
comprising a hot-water soluble portion of the cell wall and an 
intracellular matrix.  It consists of D-galactose, 3,6-anhydro- 
L-galactose, 6-O-methyl-D-galactose, and L-galactose-6-sul- 
phate [11].  The sulfated polysaccharides from the Porphyra 
species are worthy of further research. 

Microwave-assisted extraction (MAE) has been reported  
as a novel method for extracting bioactive compounds.  It in-
volves using microwave energy to cause molecular movement 
and rotation in liquids by means of permanent or induced 
dipoles [21].  When a biological material with suitable di-
electric properties (plant material along with a solvent for 
extraction) is placed in a microwave field, the molecules tend 
to align with the oscillating electromagnetic field, through 
either distortion or distribution of the electron cloud within  
the molecule or physical rotation of the molecular dipoles, 
both of which lead to a rapid heating of the solvent and sample 
matrix [6].  MAE is superior to conventional extraction tech-
niques because of its high efficiency, short extraction time, 
rapid and volumetric heating of the absorption medium, low 
solvent consumption, high selectivity for target molecules, and 
high potential for automation [14]. 

Paper submitted 06/19/13; revised 10/03/13; accepted 12/18/13.  Author for 
correspondence: Jean-Yu Hwang (e-mail: zhenyu@mail.hwai.edu.tw). 
Department of Food Nutrition, Chung Hwa University of Medical Technology, 
Tainan, Taiwan, R.O.C. 



 Y.-P. Lin et al.: RSM of MAE Sulfated Polysaccharides from P. dentate 667 

 

Response surface methodology (RSM) is a statistical pro-
cedure frequently used in optimization studies.  It involves 
using quantitative data based on an appropriate experimental 
design to determine the optimal conditions while solving mul-
tivariate problems.  Several authors have used RSM in their 
optimization studies on the MAE of polysaccharides from 
Catathelasma ventricosum [26], Cyclocarya paliurus (Batal.) 
Iljinskaja [23], Lilium davidii var. unicolor Salisb [25], and 
tremella [4]. 

In our previous study, we focused on the effect of the MAE 
technology of polyphenols on the scavenging of free radicals 
and the ferrous chelating abilities of a P. dentate extract when 
various concentrations of P. dentate, mesh sizes of P. dentate, 
and ethanol percentages were used [16].  The objective of the 
present study was to study the effects of the ethanol concentra-
tion, pH value of the ethanol solution, microwave power, and 
heating time of the microwave field on sulfated polysaccha-
rides from P. dentate.  On the basis of RSM, second-order 
polynomial models were used to predict the effects of inter-
mittent MAE treatments.  The MAE scheme is a novel method 
for reducing the energy consumption of the extraction proc-
ess while maintaining the desired product quality.  This study 
provides a new approach for manufacturing seaweed applica-
tions. 

II. MATERIALS AND METHODS 

1. Porphyra dentate Powder Particles 

Dried P. dentate was purchased from a traditional market in 
Penghu, Taiwan.  The dried P. dentate alga (moisture 15.2%, 
crude protein 25.4%, crude lipid 0.55%, carbohydrate 41.35%, 
and ash 17.5%) was crushed and then screened using a stan-
dard screening sieve (Tokyo Garasu KiKai Co., Ltd., Tokyo, 
Japan).  The P. dentate powder particles were screened through 
a 60-mesh sieve, and the diameter of the particles was smaller 
than 0.25 mm [22]. 

2. Microwave-Assisted Extraction  

Focused microwave-assisted solvent extraction was per-
formed using a modified method described by Soysa et al. 
[20].  A microwave-accelerated reaction system (MARS5, 
CEM Corporation, Matthews, North Carolina, U.S.A.) per-
formed solvent extraction.  The operation frequency of the 
magnetron was 2,455 MHz.  The test suspensions that were 
used were 1.0% P. dentate powder particles mixed into 50-mL 
water-ethanol solutions in ratios of 90:10, 50:50, and 10:90 
(v/v), and the pH value was adjusted to 4, 7, and 10, respec-
tively.  According to the experimental design (Table 1), the 
solutions were radiated in a microwave system, and the tem-
perature was kept below 80°C.  The infusions were allowed 
to cool down to room temperature and were then filtered and 
stored in a refrigerator at -20°C to determine the sulfated 
group contents of polysaccharides from P. dentate. 

3. Quantification of the Sulfated Group Contents 

1)  Reagents 

BaCl2 buffer: The total volume of 10 mL of 2 M acetic acid, 
2 mL of 5 µM BaCl2, and 8 mL of 20 µM NaHCO3 was ad-
justed to 100 mL by using absolute ethanol; Na-rhodizonate 
solution: 5 mg of Na-rhodizonate and 100 mg L-ascorbic acid 
were dissolved in 20 mL of distilled water.  The volume was 
adjusted to 100 mL by using absolute ethanol.  The reagents 
were light sensitive and, therefore, light protected.  A standard 
curve was established using 2-12 µg/mL of Na2SO4 as the 
standard [8]. 

2) Sample Treatment 

For all test samples, the total sugar content was adjusted to 
10 mg/mL.  Subsequently, 0.5 mL of 1 N HCl was added to 0.5 
mL of a sample solution and boiled for 1 h.  All of the solvent 
was removed using a vacuum concentrator at 60°C-65°C, and 
0.5 mL of deionized water was then added [8]. 

3) Determination of the Sulfated Group Content 

Two milliliters of absolute ethanol was added to 0.5 mL of a 
sample solution, and the insoluble portions were removed 
through centrifugation at 2,500 × g.  Subsequently, 1 mL of the 
BaCl2 buffer was added, followed by 1.5 mL of Na-rhodizonate.  
The reaction was conducted in the dark for 10 min, and A520 

was measured within 30 min [8]. 

4. Experimental Design 

The response variables of the sulfated group contents of the 
polysaccharides of P. denate were investigated.  A three-level, 
four-parameter experimental design proposed by King and Lin 
[13] was used to evaluate the optimal treatment conditions.  
The experimental error was determined by performing the 
experimental procedure and measuring the center point three 
times. 

Three mathematical functions of fk were assumed to exist 
for ηk as follows: 

 ηk = fk(ε1, ε2, ε3, ε4) (1) 

Where ε1 is the ethanol concentration, ε2 is the pH value of 
the ethanol solution, ε3 is the microwave power, and ε4 is the 
heating time of the microwave field.  A second-order poly-
nomial was used to express the function fk as follows: 
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where βk0, βki, βkii, βkij are regression coefficients and Xi rep- 
resents the coded independent variables of ε1, ε2, ε3, and ε4.  
The values of the independent variables were coded within the 
range of -1 and +1, and the original independent variables, Xi, 
were normalized using the following equation: 
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Table 1. Process variables and their levels in the four 
variables-three levels response surface design. 

Symbols  Levels 
Independent variables 

coded uncoded  -1 0 +1 
Ethanol concentration (%, v/v) X1 ε1  10 50 90 
pH value X2 ε2  4 7 10 
Microwave power (W) X3 ε3  200 300 400 
Heating time of microwave 
field (min) 

X4 ε4  1 3 5 

 
 

where εi is the current value of the variable, iε  is the mean 

arithmetic value of the highest and lowest values of the set, 
and Ii is the greatest difference between those extremes. 

5. Statistical Analysis 

Contour and surface plots were determined using Sigmaplot 
software (Scientific Graph System, Version 7.00, SPSS Inc., 
2001, U.S.A.).  Analysis of an analysis of variance (ANOVA) 
table and the determination of the responses in those models 
was conducted using the PROC RSREG procedure of the SAS 
program, and the validity of the models was evaluated (SAS, 
Version 8.1, SAS Inc., 1999. U.S.A.). 

III. RESULTS AND DISCUSSION 

1. Effect of the Parameters 

The experiments were performed according to a design 
with four variables and three levels for each variable (Box & 
Behnken, 1960).  The independent variables were the ethanol 
concentration (X1), the pH value of the ethanol solution (X2), 
the microwave power (X3), and the heating time of the mi-
crowave field (X4).  The experimental design in the coded and 
actual levels is shown in Table 1.  The experimental design and 
the response surface analysis data of this study are shown in 
Table 2.  The experiments were performed in random order to 
study the relationships between the dependent variable, which 
was the sulfated polysaccharide content from P. dentate, and 
the independent variables X1, X2, X3, and X4, which were the 
ethanol concentration, the pH value of the ethanol solution, the 
microwave power, and the heating time of the microwave  
field.  ANOVA was performed to determine the lack of fit and 
significance of the linear, quadratic, and cross-product effects 
of the independent variables on the quality attributes (Table 3).  
The lack-of-fit test is a measure of the failure of a model used 
to represent data in the experimental domain at points that are 
not included in a regression [17].  The analysis of the lack of 
fit was performed for all dependent variables, and the results 
were nonsignificant.  High coefficients of the determination 
values (R2 > 0.95) were obtained for the significant-response 
surface models (i.e., the sulfated polysaccharide contents from 
P. dentate), indicating that a high proportion of the variability 
was explained by the data.  The models developed in this study 
were proven to be adequate. 

Table 2. The experimental design and data for the response 
surface analysis. 

Treatment 
numbera 

X1 X2 X3 X4 
Sulfated  

polysaccharides 
(µg/mL) 

  1 1 (90%) 1 (10) 0 (300W) 0 (3) 48.6 
  2 1 (90%) -1 (4) 0 (300W) 0 (3) 23.3 
  3 -1 (10%) 1 (10) 0 (300W) 0 (3) 60.9 
  4 -1 (10%) -1 (4) 0 (300W) 0 (3) 47.0 
  5 0 (50%) 0 (7) 1 (400W) 1 (5) 76.1 
  6 0 (50%) 0 (7) 1 (400W) -1 (1) 75.1 
  7 0 (50%) 0 (7) -1 (200W) 1 (5) 78.1 
  8 0 (50%) 0 (7) -1 (200W) -1 (1) 76.2 
  9 0 (50%) 0 (7) 0 (300W) 0 (3) 73.9 
10 1 (90%) 0 (7) 0 (300W) 1 (5) 61.8 
11 1 (90%) 0 (7) 0 (300W) -1 (1) 59.7 
12 -1 (10%) 0 (7) 0 (300W) 1 (5) 61.3 
13 -1 (10%) 0 (7) 0 (300W) -1 (1) 61.9 
14 0 (50%) 1 (10) 1 (400W) 0 (3) 65.8 
15 0 (50%) 1 (10) -1 (200W) 0 (3) 70.0 
16 0 (50%) -1 (4) 1 (400W) 0 (3) 41.8 
17 0 (50%) -1 (4) -1 (200W) 0 (3) 47.9 
18 0 (50%) 0 (7) 0 (300W) 0 (3) 71.8 
19 1 (90%) 0 (7) 1 (400W) 0 (3) 61.7 
20 1 (90%) 0 (7) -1 (200W) 0 (3) 58.9 
21 -1 (10%) 0 (7) 1 (400W) 0 (3) 60.2 
22 -1 (10%) 0 (7) -1 (200W) 0 (3) 68.1 
23 0 (50%) 1 (10) 0 (300W) 1 (5) 63.8 
24 0 (50%) 1 (10) 0 (300W) -1 (1) 73.4 
25 0 (50%) -1 (4) 0 (300W) 1 (5) 51.9 
26 0 (50%) -1 (4) 0 (300W) -1 (1) 40.0 
27 0 (50%) 0 (7) 0 (300W) 0 (3) 71.8 

a The experimental runs were performed in random order. 

 
 
Table 3.  Analysis of variance for response variable. 

Sum of squares 
Source DFa Sulfated polysaccharides 

(µg/mL) 
Model 14 4310.05*** 

Linear   4 1625.39*** 

Quadratic   4 2505.06*** 

Cross product   6 179.60 

Residual 12 199.25 

Lack-of-fit 10 196.31NS 

Pure error   2 2.94 

Independent variables   

Ethanol concentration (X1)   5 977.84*** 
pH value (X2)   5 3054.02*** 
Microwave power level (X3)   5 70.38 
Heating time of microwave 
field (X4) 

5 132.29 

R2  0.9558 

*Significant at 5% level; **Significant at 1% level; ***Significant at 
0.1% level. 
a: DF: Degree of freedom.  NS: Not significant. 
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Table 4. Regression coefficients of the second order poly-
nomial for response variable. 

Coefficienta βk Sulfated polysaccharides (µg/mL) 

βk0 72.50*** 

βk1 -3.78** 

βk2 10.88*** 

βk3 -1.54 

βk4 0.56 

βk11 -11.81*** 

βk21 2.85 

βk22 -16.68*** 

βk31 2.68 

βk32 0.48 

βk33 1.51 

βk41 0.68 

βk42 -5.38* 

βk43 -0.23 

βk44 1.43 
a: These are coefficients of Equation (2), and the numbers 1 to 4 in the 

subscripts refer to ethanol concentration, pH value, microwave 
power, and intermittency of microwave field, respectively. 

*Significant at 5% level; **Significant at 1% level; ***Significant at 
0.1% level. 

 
 
An ANOVA was conducted to assess the significant effects 

of each independent variable on the responses and to analyze 
which responses were significantly affected by which treatment 
combination.  As shown in Table 3, the optimal combination 
of the ethanol concentration and the pH value of the ethanol 
solution significantly affected sulfated polysaccharides at the 
0.1% level. 

Table 4 shows the regression coefficients for the second- 
order polynomial models of sulfated polysaccharide contents 
from P. dentate used to predict the values under optimal 
conditions.  Contour plots were generated using significant 
parameters for each response.  The responses of the sulfated 
polysaccharide contents from P. dentate were significantly 
affected by the independent variables (the ethanol concen-
tration and the pH value of the ethanol solution).  These 
responses were used to determine the optimal treatment 
conditions.  The graphic superposition method was used for 
optimization. 

2. Optimization Studies and Verification of the Models 

RSM is an approach that has been widely used in optimi-
zation studies.  Optimal conditions can be determined by su-
perimposing contour plots of relevant and statistically sig-
nificant responses.  An optimal area is generated, forming the 
basis for optimal treatments.  Fig. 1 shows the regions of the 
optimal treatment conditions for adjusting the pH value be-
tween 8 and 9 and the ethanol concentration between 30% and 
50% and, subsequently, using a 1-min heating time in a 200-W 
microwave field. 

Table 5. Predicted and observed values for the response 
variables at optimum conditions. 

Sulfated polysaccharides (µg/mL) 
Point 

Coordinate 
(X1, X2, X3, X4) Predicted value Observed value 

1 (-0.25, 0, -1, -1) 77.21 77.15NS ± 0.97 

2 (-0.25, 0.5, -1, -1) 80.57 80.23NS ± 0.69 

3 (0, 0, -1, 1) 77.77 77.34NS ± 0.66 
NS: Not significant for t-test at 95% level confidence. 
Results are of three replicates. 

 
 

10
20
30
40
50
60

80
90

90

70

50

104
7

pH

10
10
20
30
40
50
60
70
80
90

Su
lfa

te
d 

po
rp

hy
ra

n 
(u

g/
m

L)

Et
ha

no
l c

on
ce

ntr
ati

on
 (%

)

 
Fig. 1. Response plot of sulfate polysaccharides (µg/mL) from porphyra 

dentate using microwave-assisted extraction with 1 min heating 
time at 200 W microwave field. 

 
 
The optimal operating conditions were determined when 

the sulfated polysaccharide content was higher than 80 µg/mL.  
The optimal treatment was achieved by applying a 1-min 
heating time in a 200-W microwave field through an operation 
that involved controlling the ethanol concentration within a 
range of 30%-50% and adjusting the pH value between 8 and  
9.  Verification tests were performed under optimal conditions 
(Points 1, 2, and 3) to determine the adequacy of the second- 
order polynomial model; the results are shown in Table 5.  The 
experimental values were the averages of three replications 
and the differences among the predicted values were deter- 
mined to be nonsignificant by conducting a t test at a 95% 
level of confidence, indicating that the second-order polyno-
mial models that were generated were adequate.  Optimal 
treatment conditions were recommended, and validation re-
sults were adequate and acceptable, demonstrating that the 
second-order polynomial models that were generated for the 
significant responses were valid. 

3. Efficiency of Microwave Treatment 

Zhao et al. [25] studied four parameters, namely extraction 
time, microwave power, extraction temperature, and the ratio 
of solids to water and optimized them by using the Box- 
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Behnken design with a quadratic regression model constructed 
by applying RSM to the MAE of polysaccharides from Lilium 
davidii var. unicolor Salisb (LPMAE).  Their results showed 
that when the ratio of solids to water increases, the microwave 
extraction efficiency of LPMAE also increases.  However, 
when the amount of solids decreases and that of water in-
creases, the microwave power increases and the LPMAE 
slightly decreases.  Furthermore, their study showed that the 
lower the microwave power was, the higher the efficiency of 
the sulfated polysaccharides extraction became when the ratio 
of solids to liquid of a continuous phase was constant.  
However, the extraction time and the ratio of solids to water 
exhibited an optimal result for LPMAE.  The present study 
showed the same phenomenon of intermittency of sulfated 
polysaccharides, demonstrating an optimal extraction effi- 
ciency for a regular concentration of ethanol and pH value at 
various levels of microwave power. 

The difference between our study and that of Zhao et al. [25] 
is that they extracted LPMAE by adding P. dentate powder to 
3,000 mL of liquid under unique MAE conditions and used an 
extraction time ranging from 30 to 90 min.  However, in our 
research, we extracted sulfated polysaccharides by using 50 
mL and an extraction time ranging from 0 to 60 sec, to save 
energy, time, and space.  Consequently, the specific heat val-
ues of ethanol and water were 0.618 and 1.000 cal/g, respec-
tively, and the dielectric constant of ethanol and water were 
24.3 and 80.4, respectively.  According to the equation of 
Gering et al. [10] and Faraji et al. [9], the dielectric constant of 
10%, 50%, and 90% ethanol concentrations were 74.0, 52.6, 
and 29.2, respectively; this shows that moderate polarity is 
suitable for the MAE of sulfated polysaccharides. 

4. Effect of Intermittent Microwave Treatment 

In the present research, the ethanol concentration and pH 
value of the ethanol solution for the four parameters showed 
that MAE provides an advantage in extraction efficiency and 
microwave power, and that the heating time of the microwave 
field is superior to that of hot water extraction, ultrasonic 
assisted extraction, and Soxhlet extraction.  MAE is also su-
perior to the supercritical fluid extraction technique because it 
is easier and cheaper to operate [1].  The application of mi- 
crowave energy has been proven to be an excellent alternative 
method that prevents uneven heating, improves the quality of a 
product, and reduces energy usage by allowing a redistribution 
of the temperature and moisture profiles within the product 
during off times through thermal diffusion [20].  Thus, MAE 
technology exhibited the advantages of energy conservation 
and a shorter time of bioactive substance extraction.  However, 
the cold water extraction of sulfated polysaccharides involved 
using 68.1 µg/mL in 50% ethanol at a pH value of 7, and the 
same solvent condition used in MAE at 200 W involved using 
only 78.1 µg/mL, representing an increase of only 10 µg/mL.  
However, regarding the extraction time, using the MAE sul-
fated polysaccharides led to substantial savings, exceeding 
those of the cold water extraction method. 

5. Extraction Ability of Ethanol Solution 

Faraji et al. [9] indicated that water-ethanol mixtures are 
more basic media than pure water and that the values of the 
autoprotolysis constants (pKap) increase with the addition of 
ethanol.  Aqueous organic solvent mixtures such as water- 
ethanol mixtures have been proven to be an appropriate reaction 
media in various fields of chemistry because of their specific 
properties as well as a superior ability to dissolve more com-
pounds than pure solvents.  The availability and diversity of 
these reaction media substantially improves the combination of 
pure water and alcohol solvents in binary mixtures.  The pKap 
value of a solvent indicates the pH range of the media.  This is 
crucial for the standardization of pH-value measurements of 
both organic solvents and aqueous organic solvent mixtures. 

6. The pH Value 

In their study of MAE alkaloids from the fruit of Macleaya 
cordata (Willd) R. Br, Zhang et al. [24] determined that the 
extraction efficiency of an acidic aqueous solution for alka- 
loids increases with the concentration of the acid.  Shao et al. 
[18] used the MAE technique to extract flavonoids from Per-
illa frutescens leaves rapidly.  Several influential parameters 
of the MAE procedure (microwave power, extraction cycle, 
solvent-to-material ratio, irradiation time, and pH value) were 
investigated for optimizing extraction using a single factor and 
the Box-Behnken experimental design.  The influence of the 
pH value on the yield exhibited a considerable variation both 
above and below the optimal values.  With an increase in the 
pH value, the yield initially increased but subsequently de-
creased.  The extraction yield of flavonoids increased as the 
pH value increased from 7 to 8, but decreased when the pH 
value increased above 8, demonstrating that the extraction pH 
value substantially affects the extraction yield.  The increased 
extraction yield under low pH-value conditions might be due 
to the inhibition of the enzymatic oxidation of phenolics and/ 
or the fact that it maintains the stability of the extracted fla-
vonoids.  In addition, it is likely that alkaline soluble flavon-
oids were extracted.  In our research, the MAE sulfated poly- 
saccharides were affected by a low pH value. 

IV. CONCLUSION 

The aim of this study was to improve the effect of the 
ethanolic extraction treatment of Porphyra dentate by using 
MAE and to determine the optimal processing conditions.  
Satisfactory prediction equations were developed by using 
RSM to optimize the MAE of sulfated polysaccharides from  
P. dentate.  Optimal conditions were established by adjusting 
the pH value between 8 and 9 and the ethanol concentration 
between 30%-50% and, subsequently, using a 1-min heating 
time in a 200-W microwave field. 
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