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KEYWORDS Abstract Phenolic compounds are bioactive compounds that are also naturally found in red algae.
Rhodophyta; To determine the level of these compounds in the red algae, spectroscopic or chromatographic
Optimization; determination was applied over the liquid extracts. Therefore, a prior extraction method is needed.
Box-Behnken design; The presented study aimed to develop the analytical ultrasound-assisted extraction (UAE) method
Response surface methodol- to extract phenolic compounds from red algae. A Box—Behnken design (BBD) based on five factors
ogy; included solvent composition (50-90% ethanol in water), extraction temperature (10-60 °C), ultra-
Method validation sonic power (20-100%), pulse duty-cycle (0.2—1.0 s~'), and solvent-to-sample ratio (10:1 to 30:1)

was used to evaluate the effects of the studied factors. Subsequently, response surface methodology
(RSM) was performed to define the optimum extraction condition to recover phenolic compounds
from the alga matrices. The UAE condition suggested by RSM was: ultrasonic power 100%, pulse
duty-cycle 1 s~!, temperature 52.5 °C, extraction solvent 50% ethanol in water, and solvent-to-
sample ratio 30:1. Kinetic studies confirmed 10 min to provide comparable recovery (p > 0.05) than
any longer extraction time. The acceptable values validated the developed method for repeatability
(CV, 4.8%) and intermediate precision (CV, 5.7%). In addition, the accuracy of the method sug-
gested a complete recovery for two extraction cycles. Furthermore, the method has successfully

* Corresponding author.
E-mail address: widiastuti.setyaningsih@ugm.ac.id (W. Setyaningsih).
Peer review under responsibility of King Saud University.

ELSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.arabjc.2021.103597
1878-5352 © 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2021.103597&domain=pdf
mailto:widiastuti.setyaningsih@ugm.ac.id
https://doi.org/10.1016/j.arabjc.2021.103597
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2021.103597
http://creativecommons.org/licenses/by-nc-nd/4.0/

V.G.P. Putra et al.

been applied for a number of samples covering three different red algae species. Fingerprints of each
sample based on phenolic composition and levels characterize the type and origin of different red

algae species.

© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Indonesia has become one of the global leading macroalgae
producers, with fresh macroalgae production reaching 11.6
million tons, mainly for the Kappaphycus sp. (KKP, 2019).
Efforts to increase the utilization of red algae require further
knowledge on some of the bioactive compounds, including
phenolic compounds. The phenolic compounds contained by
Kappaphycus alvarezii covers benzoic and cinnamic acid
derivatives (Sumayya and Murugan, 2017). These compounds
are beneficial to human health due to their vast array of func-
tionality, viz., antioxidants and anti-inflammatory. Addition-
ally, phenolic compounds also provide inhibitory effects on
carcinogenesis and mutagenesis. Hence, to obtain the advan-
tage of these compounds in red algae, an reliable analytical
method to determine phenolic compounds is required. The fast
method should also be convenient to be applied to a large
number of samples per day.

Conventional extraction techniques include maceration and
Soxhlet extraction, are time-consuming methods and they use
large amounts of organic solvents that are not environmentally
friendly. Also, this extraction involves high energy consump-
tion, which results in additional costs (Porto et al., 2013).
More advanced extraction techniques are currently available
to overcome these concerns, such as microwave-assisted
extraction, accelerated solvent extraction, and ultrasound-
assisted extraction (UAE). Since the extraction can be per-
formed at a moderate temperature with a lower investment
of the extraction instrument, UAE is more attractive to
recover phenolic compounds from red algae over the other
aforementioned techniques. Additionally, UAE is reproducible
because this technology allows automation settings at atmo-
spheric pressure (Soria and Villamiel, 2010; Vieira et al.,
2013). Nevertheless, some factors that are likely to influence
the extraction results include extraction solvent, pulse duty-
cycle, pH, temperature, liquid-to-solid ratio, and particle size
of the material, these factors must be carefully fixed to reach
reliable results (Tomsik et al., 2016). Hence, an assessment of
the operating UAE factors is needed to optimize the extraction
condition.

Before the optimization, the effect of the extraction factors
can be evaluated utilizing the Box Behnken design (BBD). This
experimental design is helpful to gather representative data
with a fewer number of trials compared to the full factorial
design. In addition, BBD is also compatible with response sur-
face methodology (RSM) as it allows estimation of quadratic
model parameters to predict the most appropriate settings
for the studied factors resulting in the highest possible extrac-
tion recovery (Ferreira et al., 2007).

As previously reported, phenolic compounds have been
employed to characterize olive oil from different origins
(Becerra-Herrera et al., 2018) or varieties (Bajoub et al.,
2017). In a similar approach, the relative values of specific

phenolic compounds forming fingerprints can be proposed to
characterize the studied red algae varieties (Deflaoui et al.,
2021). In this paper, as part of the method validation, a real
sample application was performed.

Therefore, this study aimed to optimize the UAE method
utilizing BBD in conjunction with RSM to determine the phe-
nolic compounds in red algae. Afterward, the optimized
method was applied to characterize some red algae species
from different cultivation sites.

2. Materials and methods

2.1. Chemical and reagents

Solvents for the chromatographic analyses, i.e., methanol,
ethanol, ethyl acetate, and acetonitrile, were HPLC-grade
obtained from Merck (Darmstadt, Germany). Water for the
chromatographic analysis was purchased from PT Ikaphar-
mindo Putramas (Jakarta, Indonesia). A standard compound
of gallic acid monohydrate (HPLC grade, purity > 99%)
was purchased from Sigma-Aldrich (St. Louis, USA). Acetic
acid, sodium carbonate, Folin-Ciocalteu's phenol reagent were
obtained from Merck (Darmstadt, Germany).

2.2. Red algae samples

Red algae samples were obtained by direct sampling from the
farmers. Kappaphycus alvarezii from Jepara (6°35'08.0”S
110°38'37.1"E), Central Java, Indonesia was used as samples
for developing the extraction method. Additionally, 21 sam-
ples covering three different red alga species (Kappaphycus
alvarezii, Kappaphycus denticulatum, and Kappaphycus stria-
tum) were also collected for the method validation (Table 1).
PT Jaringan Sumber Daya (JASUDA) provided samples orig-
inating from the province of South Sulawesi. At the same time,
the Indonesian Institute of Science provides those from Lom-
bok. The fresh red algae were dried using a freeze dryer and
then ground to <100 mesh before the extraction process.

2.3. Ultrasound-assisted extraction (UAE)

UAE was performed using Ultrasound Probe 26 kHz and
200 W UP200St (Hielscher Ultrasonics GmbH, Teltow,
Germany) with a diameter probe of 7 mm. The UAE temper-
ature was controlled by Refrigerated Recirculation Bath
Frigiterm-TFT-10 (J.P. Selecta S.A., Barcelona, Spain) to
operate from 10 to 60 °C. Each extraction process was per-
formed for a 1 g red algae sample. First, the solvent was added
to the extraction vessel, and then the UAE conditions were
adjusted according to the experimental design. After the
extraction, the supernatant was separated from the solid mate-
rial using a Sorvall ST-8R centrifuge (Thermo Fisher Scien-
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tific, Germany) at room temperature for 10 min operating at
4500 rpm. Subsequently, the extract was concentrated using
a rotary evaporator (IKA-Werke GmbH & Co. Kg, Stauten,
Germany). The extract volume was adjusted to 5 mL by the
fresh solvent. The extract was then stored in the refrigerator
at 4 °C until the analysis.

2.4. Determination of total phenolic content (TPC)

Total phenolic content (TPC) was measured with a spec-
trophotometer Genesys 10S UV—Vis (Thermo Fisher Scien-
tific, Germany) using the method proposed by Damongilala
et al. (2013) with some modifications. TPC was measured with
a UV-Vis spectrophotometer at A 750 nm and was interpreted
as mg gallic acid equivalent kg~' sample (mg GAE kg~' sam-
ple). A 100 pL extract was accurately pipetted and placed in a
reaction tube. Afterward, 1 mL of Folin Ciocalteau-water (1:2)
was added then left for 5 min. Subsequently, 1 mL of 7%
sodium carbonate was added, and the solution was homoge-
nized then incubated at room temperature for 25 min without

light. The calibration curve was prepared for gallic acid cover-
ing a concentration range of 10 to 100 mg L',

2.5. Identification and quantification of phenolic compounds

The ACQUITY UPLC H-Class system was used for UPLC
analyses. The software used to manage the UPLC system
was Empower 3 Chromatography Data (Waters Corporation,
Milford, MA, U.S.A.). The detector used was an ACQUITY
UPLC (PDA) photodiode array. The PDA was operated for
a three-dimensional (3D) scanning mode collecting 40 points
s~ from 210 to 600 nm to identify the phenolic compounds.
While for the quantification of phenolic compounds, two-
dimensional (2D) PDA channels (260 and 330 nm) with a data
collection rate of 80 points s~' were utilized. The identification
of phenolic compounds in red algae extracts was carried out by
assessing the spectroscopic properties of the resulting peak in
the chromatogram.

The column of a reversed-phase C18 (100 mm length;
2.1 mm IL.D.; RP 18 CORTECS UPLC® silica-based solid-

Table 1 Types of red algae samples.
Species Region Island Color Picture

Teluk Pandan Sumatra Brown
Jepara Java Brown

Kappaphycus

alvarezii
Pacitan Java Brown and Green
Sumenep Java Green
Lembongan Island  Bali Green %’

(continued on next page)



V.G.P. Putra et al.

Species Region Island Color Picture

Banyuwangi Java Red and Grey
Penida Island Bali Green
Lombok Lombok Yellow
Kappaphycus
alvarezii
Tanakeke Island Celebes Red
Puntondo Celebes Red
Bantaeng Celebes Red

Djene Ponto Celebes Red
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Species Region Island Color Picture

Pacitan Java Brown
Banyuwangi Java Brown
Lembongan Island  Bali Red Brown
Ceningan Island Bali Red Brown
Eucheuma
denticulatum Lombok Lombok Red
Tanakeke Island Celebes Green
Puntondo Celebes Pink
Bantaeng Celebes Pink
Djene Ponto Celebes Green
Kappaphycus
; Lombok Lombok Green
striatum
core particle; 1.6 um particle size from Waters) at 47 °C was consisting of phase A (water with 0.01% acetic acid) and phase
used for separating phenolic compounds in the 3.0 pL injected B (acetonitrile with 2% acetic acid). The flow rate was set at

extract. The mobile phase system used was a binary solvent 0.6 mL min~'. The 4.0 min programmed gradient was as
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follows (%B): 0-3 min, 6.4-50%; 3-4 min, 50-100%. The col-
umn was washed with 100% B in 3 min and equilibrated with
6.4% B for 3 min to prepare for the next injection.

2.6. Experimental design and optimization

2.6.1. Solvent selection

A factorial completely randomized design was used to evaluate
the solvent effect on the recovery of phenolic compounds.
Four solvents, including ethanol, methanol, ethyl acetate,
and water, were exposed under three different conditions in
UAE. Each extraction condition varied the four UAE factors
(Fig. 1). Extraction was carried out in triplicates for 1 g of
ground sample in 20 mL of the studied solvents.

2.6.2. UAE optimization

A Box Behnken design (BBD) was used to evaluate the effects
of the extraction variables on the recovery of phenolic com-
pounds. Five independent factors, including temperature
(x1), solvent concentration (x;), pulse duty-cycle (x3), ultra-
sound power (x4), and solvent-to-sample ratio (xs), each in 3
levels, were studied. The design domains of the levels of inde-
pendent factors are listed in Table 2. The full BBD consisted of
46 extractions were performed in random order (Table 3). The
dependent variable was the level of total phenolic content
(TPC) expressed as mg gallic acid equivalents (GAE) per kg
dried sample.

The resulting data from the TPC analyses of the extracts
were evaluated to develop a mathematical model for the
response to fit a second-order polynomial function:

Ye=5b+ Z Bixi + Z Bix; + Z bjx;x; (1)
i=1 i=1 i#j=1
X1, Xo, ..., xk are the UAE factors that influence the extrac-

tion efficiency; y; fo, i (i = 1, 2,..., k), B (i = 1,2, ... k;

method was used to estimate the f§ coefficients while only
second-order interactions are considered.

2.6.3. Kinetics study

Kinetics were studied to evaluate the extraction rate as a basis
to define the most efficient extraction time. A non-factorial
randomized block design with five levels of extraction time
(5, 10, 20, 30, and 40 min) was performed under the UAE con-
dition suggested by the RSM result. The experiments were con-
ducted in triplicates.

2.6.4. Method validation

The developed UAE method was validated as per ICH guide-
lines (ICH, 2005) for precision and accuracy. The precision
was expressed as the coefficient of variation (%CV) in two
levels, i.e., repeatability and intermediate precision. Repeata-
bility (intra-day) was assessed by performing nine independent
extractions within the same day (» = 9), while three indepen-
dent extractions on three consecutive days (n = 3 x 3) deter-
mined the intermediate precision (inter-day). The accuracy of
the proposed method was assessed by performing multi-cycle
extraction to ensure the complete recovery of phenolic com-
pounds from the sample. The extraction was repeated up to
7 cycles at the optimum UAE condition using fresh solvent
for each extraction cycle.

2.7. Statistical analysis

To define the optimum UAE providing the highest recovery of
total phenolic compounds, a maximum recovery function was
estimated by response surface methodology of STAT-
GRAPHICS Centurion XVI (Statpoint Technologies, Inc.,
USA). SPSS Statistic ver. 26 (IBM Corp., New York, USA)
was utilized to analyze the experimental data generated from
single-factor experiments. The analysis of variance (ANOVA,
p = 0.05) was used to determine the effects of the studied vari-
ables. Provided that ANOVA suggests a significant difference,
the Duncan test (p = 0.05) was used to check the differences

j = 1, 2,...k) are unknown parameters. The least-square among the means.
450 f
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Extraction Condition I it 11
Ultrasonic power (%) 20 80 80
Extraction temperature (°C) 10 50 25
Pulse duty-cycle (s™) 0.2 0.8 0.8
Extraction time (min) 10 20 10
Extraction cycle 1 1 3

Fig. 1

Solvent evaluation under three different extraction conditions. The bars followed by the same letters indicate the values as not

significantly different (p < 0.05), while * indicates the values below the detection limit.
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Table 2 The levels of independent factors for UAE optimization.

Factor Coded Level Unit
-1 0 1
Temperature (x;) 10 35 60 °C
Solvent composition (x;) 50 70 90 % ethanol in water
Pulse duty-cycle (x3) 0.2 0.6 1 s !
Ultrasonic power (x4) 20 60 100 Y%
Solvent-to-sample ratio (xs) 10:1 20:1 30:1 mL of solvent/g of sample

3. Results and discussion

3.1. Analysis of total phenolic compounds

Total phenolic compounds (TPC) were the responses used for
the screening and optimization experiments. Therefore the
spectrophotometer method for the TPC analyses was first val-
idated based on ICH Guideline Q2 (R1) (ICH, 2005). A linear
range was obtained for gallic acid concentrations of 10 to
100 mg L™ with a coefficient of determination (R?) higher than
0.993. The limit of detection (LOD) and limit of quantification
(LOQ) were estimated using the slope and standard deviation
of the regression. The values of LOD and LOQ were 10.21 and
30.96 mg GAE L™, respectively. Therefore, it demonstrates the
adequate performance of the analyses for total phenolic com-
pounds in the studied red algae.

3.2. Solvent selection

The solubility of the target analytes in the extraction solvent is
crucial for accurate extraction, also the viscosity of the sol-
vents, allowing them to penetrate into the solid sample. A vast
range of polarities of phenolic compounds is a limiting factor
in determining the most suitable extraction solvent for com-
plete recovery (Do et al., 2014). Highly polar phenolic com-
pounds such as gallic, protocatechuic, chlorogenic, and other
phenolic acids derived from hydroxybenzoic and hydroxycin-
namic acids have a higher solubility in polar solvents such as
water and methanol (Setyaningsih et al., 2019). On the other
hand, less polar phenolic compounds, including flavonoids,
can be easier extracted using ethanol or ethyl acetate. Hence,
different polarities solvents (water, methanol, ethanol, and
ethyl acetate) were evaluated on the recovery of phenolic com-
pounds (Fig. 1).

The results revealed that ethanol provides a better recovery
than methanol and ethyl acetate. On the contrary, water was
not suitable as an extraction solvent for the algae matrix with
UAE system, it can be seen that a very low recovery was found
(below the LOD), and it was observed that results could be
related to the starch gelatinization. With the presence of water
and heat, starch gelatinization occurred, thus leading to gran-
ule swelling. As a consequence, the sample commenced form-
ing a semi-solid phase causing an inefficient extraction
process. A similar phenomenon was previously reported when
extracting phenolic compounds from rice matrices
(Setyaningsih et al., 2016a).

Apart from the starch gelatinization, a lower recovery when
performing the UAE can be also due to the degradation of the
phenolic compounds (Setyaningsih et al., 2016b). A former

study on the degradation of specific phenolic acid under ultra-
sonic treatment using various extraction solvents concluded
that ethanol experienced a lower compound degradation than
methanol and acetone (Zhang et al., 2015). The physicochem-
ical properties of the extraction solvent under UAE generally
affect the efficiency of the ultrasounds because they condition
the intensity of the cavitation phenomenon.

Former research on another type of macroalga (Sargassum
muticum) also revealed that the highest recovery of phenolic
compounds was achieved employing ethanol as the extraction
solvent over the other studied solvents (Sanchez-Camargo
et al., 2016). Fig. 1 showed an improvement in the extraction
recovery by multi-cycle extraction (condition III), which sup-
ports the evidence of ethanol as the most appropriate extrac-
tion solvent in this report. However, the effect of solvent
compositions on the extraction recovery was omitted for the
pure solvent evaluation. Meanwhile, a two-fold higher recov-
ery was reported as an aqueous mixture of ethanol (50:50,
ethanol in water) has been used over pure ethanol to extract
the phenolic compounds from a golden alga, viz., Laminaria
ochroleuca (Otero et al., 2019). Henceforth, the ethanol con-
centration in the aqueous extraction solvent was further opti-
mized in this study.

3.3. Response optimization

A Box-Behnken design with 46 experimental runs covering the
combination of five studied factors (temperature, x;; solvent
composition, x,; pulse duty-cycle, x;; ultrasonic power, Xxg4;
and solvent-to-sample ratio, xs5) was carried out. ANOVA
was calculated to determine the statistical significance of the
main, interaction and quadratic effects of the UAE factors.
Each effect was assessed by the ratio of the mean square vari-
ation due to the regression and mean square residual error.
The standardized effects (p = 0.05) in descending order of
importance are plotted in a Pareto chart (Fig. 2). A bar cross-
ing the vertical line denotes the significant effects of a single
factor and a combination of the factors on the extracted total
phenolic compounds.

Based on the results shown in the standardized Pareto
chart, significant effects and pathways for optimizing extrac-
tion were identified. In this study, the five factors used for
optimization turned out to significantly affect extraction
yield. The order of the extraction factors starting from the
most influential was the solvent composition (x,), extraction
temperature (x;), solvent-to-sample ratio (xs), ultrasonic
power (x4), and pulse duty-cycle (x;). Because of the nega-
tive effect of solvent composition, a higher extraction recov-
ery was achieved by applying a lower percentage of ethanol
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Table 3 Box—Behnken designed for five factors of UAE with their observed responses.

DOE UAE Factor

TPC (mg GAE kg ! dried

sample)
Temperature Solvent composition  Pulse duty-cycle Ultrasonic power  Solvent-to-sample ratio Response Predicted
(1) (x2) (x3) (xx4) (x5) (2] )
1 0 1 0 1 0 218.75 203.64
2 0 0 0 1 1 289.58 283.08
3 0 0 1 0 —1 206.04 230.56
4 0 0 0 -1 -1 152.08 176.31
5 0 -1 0 0 -1 337.50 327.15
6 0 0 —1 0 -1 164.58 150.04
7 0 -1 1 0 0 442.71 400.74
8 0 0 0 1 -1 144.58 174.26
9 0 0 0 0 0 244.79 223.63
10 0 1 —1 0 0 197.71 197.35
11 0 0 -1 0 1 230.21 216.69
12 0 —1 —1 0 0 314.17 320.21
DOE UAE Factor TPC (mg GAE kg ' dried
sample)
Temperature Solvent composition  Pulse duty-cycle  Ultrasonic power  Solvent-to-sample ratio Resoponse  Predicted
(1) (x2) (x3) (x4) (xs) ) (p)
13 0 0 —1 -1 0 191.25 184.43
14 0 0 -1 1 0 154.58 152.27
15 0 1 1 0 0 271.67 277.87
16 0 0 0 0 0 242.50 223.63
17 0 0 1 0 1 296.46 297.21
18 0 -1 0 1 0 375.63 404.53
19 0 1 0 0 1 255.00 270.93
20 0 0 0 0 0 232.92 223.63
21 0 0 0 0 0 240.83 223.63
22 0 —1 0 0 1 381.67 393.80
23 0 0 1 1 0 296.04 305.08
24 0 0 0 0 0 239.79 223.63
25 0 1 0 -1 0 295.00 241.54
26 0 0 1 —1 0 188.13 192.66
27 0 —1 0 -1 0 295.83 286.38
28 0 1 0 0 —1 187.92 204.29
29 0 0 0 -1 1 212.71 200.77
30 0 0 0 0 0 210.00 223.63
31 1 —1 0 0 0 384.17 391.83
32 1 0 0 0 —1 241.25 221.66
33 1 0 0 1 0 288.54 260.02
34 1 0 0 —1 0 202.08 219.89
35 1 1 0 0 0 244.58 268.96
36 1 0 1 0 0 289.79 295.24
37 1 0 —1 0 0 190.83 214.72
38 1 0 0 0 1 280.83 288.30
39 -1 0 0 0 -1 205.00 158.95
40 —1 1 0 0 0 200.21 206.26
41 —1 0 -1 0 0 118.13 152.01
42 -1 -1 0 0 0 322.08 329.12
43 -1 0 0 -1 0 122.08 157.19
44 -1 0 1 0 0 214.79 232.53
45 -1 0 0 1 0 212.50 197.32
46 -1 0 0 0 1 225.63 225.59

in water. A study on the extraction of a specific phenolic
compound in brown algae of Eisenia bicyclis reported the
use of 50% aqueous ethanol as the most appropriate extrac-

tion solvent (Kim et al., 2013).

In contrast, the pulse duty-cycle and ultrasonic power con-
tributed a positive effect. Therefore, the higher the level of
pulse duty-cycle and ultrasonic power, the higher the extrac-
tion recovery. It was suggested that the ultrasonic intensity
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Fig. 2 Pareto chart for the effect of UAE factors (x;, extraction temperature; x,, solvent composition; x3, pulse duty-cycle; xq,
ultrasound power; xs, solvent-to-sample ratio). The vertical line crossing the bars notifies that the corresponding factor has a statistically
significant 95% confidence level affecting the response. 2 Indicates a positive effect and mmm indicates a negative effect.

as a combination of pulse duty-cycle and ultrasonic power
influence the collapse pressures, then producing higher local
temperatures that provide a favorable environment for the
extraction (Zhang et al., 2015).

In this study, ANOVA confirmed the significant positive
effect of the extraction temperature. When the high temperature
was applied for an extraction system, the heat endorsed break-
ing the matrix bond, increasing the solvent diffusion rate and
the mass transfer rate (Celli et al., 2015; Hossain et al., 2012).

As having a positive effect, increasing the solvent-to-sample
ratio caused an increase in the extracted phenolic compounds.
With respect to the mass transfer principle, a larger ratio
between solvent and sample leads to a higher concentration
gradient, then according to Fick’s first law, increasing the driv-
ing force in solvent extraction (Elboughdiri, 2018).

In addition to the main effect of individual factors, some
interaction and quadratic effects were also found to be signif-
icant. An interaction between ultrasonic power and solvent-to-
sample ratio (x4xs) was positively influenced the extracted total
phenolic compounds. In contrast, solvent composition, ultra-
sonic power, and solvent-to-sample ratio provided adverse
quadratic effects. These significant main, interaction and quad-
ratic effects were subsequently retained in the model for the
UAE optimization. The equation for the fitted model was:

y = 230.23 + 28.18x; — 67.93x; + 26.30x3 + 27.00x,
+28.00x5 + 51.23x,% — 10.79x,% + 36.15x,xs
—18.51x5> (2)

y is the level of total phenolic content, and x is the UAE
factors (x;, extraction temperature; x,, solvent composition;
x3, pulse duty-cycle; x4, ultrasonic power; xs, solvent-to-
sample ratio).

A lack-of-fit test was carried out to ascertain whether the
selected model was satisfactory to describe the observed data
or whether a more advanced model was required. The test
was performed by comparing the variability of the current
model residuals to the variability between observations at

replicate settings for the factors. Since the p-value for the
lack-of-fit (0.1551) obtained by ANOVA is >0.05, the model
appears to be satisfactory for the observed data at the 95.0%
confidence level. The R? statistic confirmed that the fitted
model explains 0.9219 of the variability in the extraction recov-
ery. Furthermore, the standard error of the predicted value
shows that the standard deviation of the residuals is 12.9487.
Therefore, the model can be used to estimate the response
for optimization.

The response surface methodology (RSM) estimated the
optimum coordinates for the UAE factors (extraction tempera-
ture, xj, 0.701; solvent composition, x,, —0.935; pulse duty-
cycle, x3, 1.000; ultrasonic power, x4, 1.000; solvent-to-sample
ratio, xs, 0.989). Hence, the RSM suggested the setting of
UAE conditions to recover phenolic compounds in K. alvarezii
samples as follows: 52.5 °C extraction temperature, 1 s~ pulse
duty-cycle, 100% ultrasonic power, 50% ethanol in water,
30:1 solvent-to-sample ratio. Detailed extraction rate under
the optimum condition of UAE factors was necessary to define
the most efficient extraction time through a kinetic study.

3.4. Kinetics study

The extraction kinetics was studied by extracting the red algae
samples under the optimum UAE condition over 40 min. As
the extraction time increased, the level of total phenolic com-
pounds also increased and reached a kinetic steady at10 min
(Fig. 3). The statistical analysis confirmed that the total
phenolic compound recovered for 10 min was not significantly
different (p > 0.05) from the recoveries at longer extraction
time. Therefore, 10 min was selected as extraction time,
providing an efficient process.

3.5. Method validation

The UAE precisions were evaluated in two levels, viz., repeata-
bility and intermediate precision. The precisions, expressed as
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Fig. 3 Amount of the extracted total phenolic compounds in different extraction times. The bars followed by the same letters indicate as

not significantly different (p < 0.05).

Table 4 Total phenolic compounds in red algae from various regions of the sample origin.

Origin Total Phenolic Compounds (mg GAE kg™!)
K. alvarezii E. denticulatum K. striatum

Teluk Pandan 845.28 + 93.17 N/A N/A
Jepara 555.00 + 12.37 N/A N/A
Pacitan 260.64 + 8.36 720.42 + 23.04 N/A
Sumenep 664.72 + 51.36 N/A N/A
Banyuwangi 309.17 £+ 13.28 549.17 + 64.47 N/A
Lembongan Island 203.06 £ 13.76 391.67 £+ 9.31 N/A
Penida Island 227.78 + 35.94 N/A N/A
Ceningan Island N/A 552.50 £ 19.17 N/A
Cultivation Lombok 423.06 + 83.36 802.08 + 21.93 940.21 + 5.40
Wild Lombok N/A 505.83 + 91.61 N/A
Tanakeke Island 211.67 £+ 3.50 305.83 £+ 18.62 N/A
Puntondo 332.50 + 7.73 466.25 + 46.55 N/A
Bantaeng 273.33 + 26.50 385.42 + 39.92 N/A
Djene Ponto 197.22 + 9.81 380.00 + 73.37 N/A

N/A: The sample for the corresponding sample origin was not available.

% CV, of the developed UAE method were 4.8% for repeata-
bility (n = 9) and 5.7% for intermediate precision (n = 3 x 3).
The result evidences the high precision of the analytical extrac-
tion method.

The accuracy of the developed extraction method was mea-
sured by performing a multi-cycle extraction under the defined
optimum UAE condition (Figure S1). After seven UAE cycles,
the extracts were analyzed for the total phenolic compounds
(TPC). The first two cycles provided reliable values for TPC,
contributing to a complete recovery. Therefore, the final
extraction procedure proposed by this study include the two-
cycle extraction and was further validated to extract a number
of real red algae sample.

3.6. Real sample application

To demonstrate the application of the validated UAE method,
the level and composition of phenolic compounds in a number
of red algae samples were measured. The red algae samples

were collected from different growing sites of Indonesian
islands, covering species of Kappaphycus alvarezii, Eucheuma
denticulatum, and Kappaphycus striatum. The total phenolic
compounds of the resulting extracts are shown in Table 4.
The highest concentration of total phenolic compounds
among the studied red algae species was found in K. striatum
(940.2 mg GAE kg™!). It must be noted that this species was
only available from Cultivation Lombok and no other samples
on K. striatum were analyzed in this study. The level was fol-
lowed by the compounds determined in K. alvarezii from Teluk
Pandan (845.3 mg GAE kg™'). K. alvarezii lowest concentra-
tion was found in the sample from Djene Ponto (197.22 mg
GAE kg™'). The result was comparable with a former study
which revealed the level of total phenolic compounds in K.
striatum (903.8 mg GAE kg™ ') that was higher than those in
K. alvarezii (173.2 mg GAE kg™"). The reported values were
obtained by an orbital shaker using aqueous ethanol at the
ambient temperature for 72 h (Farah Diyana et al., 2015).
Hence, the UAE extraction developed in this study provides
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Fig. 4 Fingerprinting based on the composition of phenolic compounds in (a) Kappaphycus alvarezii, (b) Eucheuma denticulatum, and (c)
Kappaphycus striatum. Benzoic acid (HBA1, HBA2, and HBA3), cinnamic acid (HCA1 and HCA?2), and flavonoid.

significant improvement in analysis time without compromis-
ing the result accuracy.

Besides affecting the color lines and morphotypes, the dif-
ferences in TPC levels within the same species were also
reported due to environmental and anthropogenic factors
(Tan et al., 2017). In addition to the concentration of TPC
in question, the composition of phenolic compounds also
resulted from physiological responses to growth factors. Some
phenolic compounds belonging to the group of benzoic acid
(HBA1, HBA2, and HBA3), cinnamic acid (HCA1l and
HCA2), and flavonoid were identified in the studied red algae.

The level and composition of phenolic compounds in the
algae samples were subsequently used as a fingerprint to
distinguish the three groups of the red algae species, K. alvarezii,
E. denticulatum, and K. striatum (Fig. 4). Before plotting in a
disk chart, the data were normalized by relative value to the total
level of phenolic compounds indicated by the corresponding
peak height or area at PDA channels of 260 and 330 nm.

The fingerprint pattern of K. alvarezii samples showed
HCAI1, HCA2, and HBAI as the main phenolic compounds.
In contrast, HCA1 and HBA1, the main phenolic compounds
in E. denticulatum samples. A sample of K. striatum was char-
acterized by HCALI. Differences in fingerprint patterns among
the red algae samples are due to the differences in the produc-
tion of phenolic compounds concerning species as well as envi-
ronmental conditions (Mannino and Micheli, 2020). Hence,
the proposed fingerprinting was useful to classify the red algae
based on the species.

4. Conclusions

In conjunction with response surface optimization, a Box-
Behnken design was successfully applied to optimize the
UAE conditions to extract accurately phenolic compounds
from red algae. The optimum analytical UAE condition
included the use of extraction solvent 50% ethanol in water,
extraction time 10 min at a temperature 52.5 °C, with an ultra-
sonic power 100%, pulse duty-cycle 1 s~ !, a solvent-to-sample
ratio 30:1, and two-cycle extraction. The method was validated
by high accuracy and precisions. The validated extraction
method was applied to extract phenolic compounds from red
algae samples covering three different species. The highest level
of total phenolic compounds was found in K. striatum, fol-
lowed by E. denticulatum and K. alvarezii. The composition
of the phenolic compounds included flavonoid and groups of
benzoic and cinnamic acids that formed fingerprints to classify
the red algae based on the species.
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