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Abstract In this study, the extraction conditions of bioactive compounds, such as total polyphenol
content (TPC), total flavonoid content (TFC), and radical scavenging activity (RSA), from Porphyra tenera
were optimized using response surface methodology. A central composite design was employed to
establish 17 distinct conditions for ultrasound-assisted extraction (UAE), with the extraction time,
extraction temperature, and ethanol concentration as the key independent variables. Under the optimal
UAE parameters of 31.0 min, 60.3C, and 60.0% ethanol, the study achieved consistent predicted and
experimental values of 4.44 mg GAE/g DM for TPC, 1.25 mg QE/g DM for TFC, and 43.5% for RSA.
Overall, this study showed that ultrasound-assisted extraction under optimized conditions could
effectively extract bioactive compounds from Porphyra tenera, which may have potential applications
in the food and pharmaceutical industries. Overall, this study showed that ultrasound-assisted extraction
under optimized conditions could effectively extract bioactive compounds from Porphyra tenera, which

may have potential applications in the food and pharmaceutical industries.
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Table 1. Main independent variables and levels for
the extraction of bioactive compounds from
Porphyra tenera extract with 17 conditions
coded in a central composite design.

Xi Independent Coded levels
variables 168 -1 0 1 168
X;  Extraction time 5 15 30 45 55
(min)
X2 Extraction 26 40 60 80 94
temperature (C)
X3 Ethanol 0 20 50 80 100
concentration (%)
2.6 SAX=]
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BA =2 THE GraphPad Prism (Ver. 5.0, GraphPad
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Table 2. Experimental data of the dependent variables
TP-C, TFC and RSA for 17 experiments
based on a central composite design.

Run Extraction condition TPC1) TFC2) RSA3)
No. (mg GAE/g (mg QE/g (%)
X1 X2 ) DM) DM)
1 15 40 20 4.17 1.30 26.40
2 45 40 20 2.53 1.19 25.12
3 15 80 20 4.91 0.93 17.64
4 45 80 20 2.69 1.55 59.81
5 15 40 80 5.65 2.51 37.27
6 45 40 80 5.87 1.58 24.53
7 15 80 80 6.06 1.24 26.99
8 45 80 80 5.71 1.83 45.68
9 5 60 50 5.99 1.47 32.48
10 55 60 50 5.81 1.55 36.22
11 30 26 50 7.39 1.55 42.29
12 30 94 50 4.91 1.58 42.64
13 30 60 0 1.16 1.47 24.53
14 30 60 100 7.23 1.97 22.55
15 30 60 50 5.81 1.44 50.35
16 30 60 50 4.97 1.86 47.60
17 30 60 50 6.67 1.52 44.63

UTPC (total polyphenol content), 2TEC (total floavonoid content),
JRSA (radical scavenging activity), Xi: Extraction time (min); X2:
Extraction temperature (C); X3: Ethanol concentration (%)

Table 3. Second-order polynomial equations calculated
by central composite design for the
optimization of extraction conditions of
Porphyra tenera extract.

Responses Regression models (Y) R? p value

2.22136 - 0.011508X; +
0.020707X, + 0.10707X5
- 476667 x 10°X;X; +
1.03944 x 10°X:Xs -
1.35417 x 10°X:X5 -
5.47818 x 10°X,? -
8.89445 x 10°X;* -
832273 x 10%X3

TPC
(mg GAE/g
DM)

0.8298 0.0463

1.65945 - 0.028825X; -
0.011118X, +
0.024662X3 + 937333 x
101X, — 2.34333 x
10°X1X3 — 2.10900 x
10°X2X5 — 2.36373 x
10°X:% - 832503 x
10X + 2.51363 x
10%X5°

TFC

(mg QE/g DM) 0.8491

0.0356

6.61722 + 0.080240X; -
0.14455X, + 1.43615X;
+ 0.031201X:X; —
9.70275 x 10°X;X; —
3.13960 x 10°XxX3 —
0.020130X:* — 4.14684
x 10°X2* - 9.53199 x
10°X5°

RSA

%) 0.9181

0.0048

extraction temperature (C), Xs:
coefficient of determination, Yn:

Xi: extraction time (min), Xa:

P
ethanol concentration (%), R*:
predicted response
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RIS, FAHEAS B3 TPCol mhe =H¥9]
Folde vt 23 l E%(p = 0.0017)7t &

N7ZHp = 0.3030)3 3= iE(p 0.4616)°l =5
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oA oeE e ¥l w2 TPC WFo] Arh=
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(Table 4, Fig. 1).

Table 4. ANOVA analysis of TPC, TFC, and RSA by
in-dependent variables.

TPC TFC RSA (%)
(mg GAE/g DM)  (mg QE/g DM)
Sum of p- Sum of - Sum of Vo
sqaes value squares value squares  value
Model 37.45 0.0463 1.66 0.0356 2076 Q6
X1 1.36 0.3030 7.064 0.7002 22072 03
X
X2 0.67 0.4616 04016083 0.2526 10236 BB
X3 26.73 0.0017 0.68 0.0056 015 Q921
XiX2 0.16 0.7108 0.63 0.0067 7094 Qa3
X2X3 1.75 0.2470 0.089 0.1975 15251 Q0%7
XiX3 0.053 0.8326 0.13 01313 2839 [0557.4)
X1t 017 07040 0032 04213 23213 0@y
Xa? 0.014 0.9122 0.013 0.60% 3113 0312
X3 606 00511 5525 07332 7454 Q0D
x 103
8.0 -
= Xz X,
?n 6.0 R x,
preg X
T a0
E
O 20 X,
H=
on L - - N - - J
-1.680 -0.840 0.000 0.840 1.680
Fig. 1. Perturbation plot of TPC affected by each

independent variable on extraction yield.

o s

B Temperature’ 26050 | A Time 3o

C; Concentration” 0050 A: Time G Concentration 99260 B Temperature

Fig. 2. The 3D response surface plots for the effect
of 2 independent variables of TPC from Porphyra
tenera extr-act. (A) Response surface for the
effects of X; and Xz, (B) Response surface for
the effects of X; and X3, (C) Response surface
for the effects of X, and Xs.
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o 15 X, — ——X
E’ K-! X
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L : . : i
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Fig. 3. Perturbation plot of TFC affected by each
independent variable on extraction yield.

750,
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! T
B Tanpsratues™ 20050 7 & Tew

T L U
€ Concantration 0050 A Time € Concentration 0080 B Temperature

Fig. 4. The 3D response surface plots for the effect
of 2 independent variables of TFC from Porphyra
tenera extr-act. (A) Response surface for the
effects of X; and X», (B) Response surface for
the effects of Xz and X3, (C) Response surface
for the effects of X; and Xs.
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2 9=E01 F42HRun #3)7 HHAZHRun #4) Bl
Al FF AlZto] 7P 2 @3S vlA o2 IRl
(Table 2). Z+ A% 7] w2 A JLHHAE 2
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SRI=]9tHTable 3). ©l& $H4 TPCS TFC & X4
sloA ogte Frt W 7MY ot 9T
UEhiths A3 2 JFAo2 RSA FHFslofAE of
e FRETE 35 A7) A8 0= ook g
o] Y IR AERIstArkFig. 5).

80.0 —
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— R X
& X — ) - 3":

40.0 23— -
2 "',- _

200 X

0.0
-1.680 -0.840 0.000 0.840 1.680

Fig. 5. Perturbation plot of RSA affected by each
independent variable on extraction yield.
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8 Temperature
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B Temperature 25050 A:Time C: Coneentration’ 0050 A:Time
Fig. 6. The 3D response surface plots for the effect
of 2 independent variables of RSA from
Porphyra tenera extr-act. (A) Response surface

for the effects of X; and Xz, (B) Response
surface for the effects of Xi and Xs, (C)

Response surface for the effects of X; and Xs.
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Fig. 7. Superimposed contour plots showing the
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variables (extract time, extract temperature,
and ethanol concentration).
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