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Abstract

Sargassum polycystum contains phenolic- and flavonoid-reactive constituents, although extraction yield and antioxidant quality may
respond differently to processing conditions. This study optimized reflux and maceration extraction using response surface meth-
odology-Box-Behnken design and assessed yield-quality trade-offs. Reflux (50-70 °C, 1-3 h, 1:5-1:15) and maceration (24-72 h,
40-80 mesh, 1:5-1:15) were evaluated in 15-run designs for yield, total phenolic content (TPC), total flavonoid content (TFC), and
DPPH IC_. Reflux yielded 5.46-15.38%, whereas maceration yielded 2.01-15.30%. Maceration achieved a higher maximum TPC
(62.98 mg GAE/g) and stronger DPPH activity (IC,, = 36.19 ug/mL). Optimal conditions were 50.404 °C, 1.0404 h, and 1:9.55 for
reflux and 24 h, 80 mesh, and 1:5.30 for maceration. Reflux favored total recovery, whereas maceration produced phenolic-rich ex-
tracts with stronger DPPH activity.
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Introduction anthin, fucosterol, and phlorotannins, which have been as-

sociated with antioxidant, anti-inflammatory, antidiabetic,

Marine macroalgae are increasingly investigated as sourc-
es of structurally diverse metabolites for pharmaceutical,
nutraceutical, food, and cosmetic applications. Seaweed
contains polysaccharides, pigments, phenolics, proteins,
minerals, and other secondary metabolites that can con-
tribute to biological activity (Meinita et al. 2022). Brown
algae are particularly notable for alginate, fucoidan, fucox-

anticancer, and neuroprotective properties (Harwanto et
al. 2022; Lee et al. 2024). Indonesia’s extensive tropical
coastline provides substantial Sargassum resources, in-
cluding populations along the southern coast of West Java.

Sargassum polycystum is a tropical brown alga in the
family Sargassaceae that commonly grows on rocky sub-
strates in intertidal and shallow subtidal zones. Its thallus
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is typically branched and bears leaf-like blades and air ves-
icles that support buoyancy. The species contains structur-
ally and chemically diverse constituents, including phlo-
rotannins and other phenolic compounds, sterol-related
metabolites, pigments, and polysaccharides. Importantly,
its chemical profile is not fixed: drying conditions, solvent
polarity, particle size, and extraction technique can alter
the measured metabolite profile and biological activity
(Nazarudin et al. 2020; Wu et al. 2022). This variability
makes extraction design a critical step when S. polycystum
is evaluated as a natural-product source.

Antioxidant-related quality in brown algae is common-
ly assessed using total phenolic content (TPC), total fla-
vonoid content (TFC), and chemical radical-scavenging
assays. Phenolic constituents, including phlorotannin-re-
lated compounds, can donate electrons or hydrogen atoms
and thereby stabilize free radicals; however, group-level
colorimetric measurements such as TPC and TFC do not
identify individual compounds (Apak et al. 2016; Mufli-
hah et al. 2021). Previous work has reported DPPH rad-
ical-scavenging activity in S. polycystum ethanol extracts
and method-dependent differences in free and bound
phenolic profiles (Nazarudin et al. 2020; Wu et al. 2022).

Extraction is constrained by the structural complexity
of the brown-algal matrix. Brown algal cell walls contain
alginates, sulfated polysaccharides, cellulose, proteins,
and phenolic components, which can restrict solvent pen-
etration and the release of intracellular or cell-associated
constituents (Badruddin et al. 2024; Beuder and Bray-
brook 2023). Consequently, a high extraction yield does
not necessarily indicate a high concentration of phenolic
or flavonoid constituents because bulk extract mass may
also include polysaccharides, salts, pigments, and other
soluble material (Dhanani et al. 2017; E1 Mannoubi 2023).

Extraction outcome is influenced by solvent polarity,
particle size, temperature, duration, and solid-to-solvent
ratio (Zhang et al. 2018). Reflux extraction can accelerate
mass transfer through controlled heating and solvent con-
densation, but prolonged thermal exposure may reduce the
stability of thermolabile constituents (Zhang et al. 2018;
Antony and Farid 2022). Maceration avoids direct heating
and is operationally simple, but it requires longer extraction
periods and depends strongly on diffusion and particle size.
These methods therefore represent distinct process config-
urations rather than interchangeable treatments.

Because extraction factors can interact and produce
nonlinear effects, one-factor-at-a-time optimization is
insufficient for complex extraction systems. Response
surface methodology (RSM) enables simultaneous eval-
uation of linear, interaction, and curvature effects using
a limited number of experiments (Montgomery 2017;
Briones-Labarca et al. 2019; Cano-Lamadrid et al. 2023).
Box-Behnken design (BBD) has been used to optimize
phenolic recovery, flavonoid recovery, and antioxidant re-
sponses in natural-product extraction (Zhang et al. 2019;
Ahmed et al. 2022; Letchumanan et al. 2023).

Previous studies have evaluated Sargassum extraction
using different techniques and shown that phenolic pro-

files and antioxidant responses are method-dependent
(Wu et al. 2022; Lee et al. 2024; Santos et al. 2025). How-
ever, parallel multi-response optimization of heated and
non-heated conventional extraction using a common al-
gal batch remains limited. Accordingly, this study inde-
pendently optimized reflux and maceration using BBD
and evaluated extraction yield, TPC, TFC, and DPPH
IC,,. A descriptive assessment at common particle-size
and solid-to-solvent-ratio center points was also per-
formed, while recognizing that method-specific time and
thermal conditions prevent attribution of all between-de-
sign differences solely to the extraction method.

Materials and methods

Raw material, authentication, and

chemicals

Brown algae were collected from the East Coast of Pan-
gandaran, Pangandaran Regency, West Java, Indonesia,
at coordinates 7°42'22.5"S, 108°39'50.3"E. The collection
site and morphology of the material used in this study
are shown in Fig. 1. The material was authenticated as
Sargassum polycystum (Sargassaceae) by the Herbarium
Jatinangor, Laboratory of Plant Taxonomy, Department of
Biology, Universitas Padjadjaran, Indonesia, under certifi-
cate No. 113/HB/03/2025. A common raw-material batch
was used for both extraction experiments. The material
was cleaned, dried at 40 °C for 24 h, ground, and sieved.
The reflux experiment used 60-mesh powder for all runs,
whereas the maceration experiment evaluated 40-, 60-,
and 80-mesh powder.

Gallic acid, quercetin, 2,2-diphenyl-1-picrylhydrazyl
(DPPH), ascorbic acid, and Folin-Ciocalteu reagent were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Ethanol, methanol, sodium carbonate, aluminum chlo-
ride, sodium acetate, and ferric chloride were obtained
from Merck (Darmstadt, Germany). Mayer’s, Wagner’s,
and Liebermann-Burchard reagents were freshly pre-
pared using analytical-grade reagents. Spectrophotomet-
ric measurements were performed using a UV-Vis spec-
trophotometer (Metas, China).

Experimental design

Two independent three-factor, three-level BBD experi-
ments were conducted. The reflux experiment evaluated
extraction temperature (50, 60, and 70 °C), extraction
time (1, 2, and 3 h), and solid-to-solvent ratio (1:5, 1:10,
and 1:15). Particle size was held constant at 60 mesh. The
maceration experiment evaluated extraction time (24,
48, and 72 h), particle size (40, 60, and 80 mesh), and
solid-to-solvent ratio (1:5, 1:10, and 1:15) at 25 + 2 °C.
Each design comprised 15 independent extraction runs,
including three independently prepared center points to
estimate pure experimental error. The factor levels are
summarized in Table 1.
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Figure 1. Collection site of Sargassum polycystum from the East Coast of Pangandaran, West Java, Indonesia. A. Geographic loca-
tion; B. Morphology of the collected material. The sampling coordinates were 7°42'22.5"S, 108°39'50.3"E.

Table 1. Factor levels used in the BBD experiments for reflux
and maceration extraction.

Minimum Center Maximum

Method Variable 1) ©) 1)
Reflux Extraction temperature (°C) 50 60 70
Extraction time (h) 1 2 3

Solid-to-solvent ratio 1:5 1:10 1:15
Maceration Extraction time (h) 24 48 72
Particle size (mesh) 40 60 80

Solid-to-solvent ratio 1:5 1:10 1:15

Extraction procedures and concentration

For reflux extraction, 50 g of 60-mesh dried powder was
combined with 96% ethanol at the BBD-specified sol-
id-to-solvent ratio and heated under a condenser at the
assigned temperature and time. For maceration, 50 g of
dried powder of the assigned particle size was immersed in
96% ethanol at the specified solid-to-solvent ratio in closed
vessels at 25 + 2 °C, protected from light, for the assigned
duration. After extraction, the mixtures were filtered us-
ing Whatman No. 42 filter paper. Filtrates were concen-
trated using a rotary evaporator (HEM-01, China) and
subsequently evaporated on a water bath until a viscous,
concentrated extract with no visibly free-flowing solvent
was obtained. Residual solvent content was not quantified
in the original experiment. Extraction yield was calculated
as the mass of concentrated extract divided by the initial
mass of dried material and expressed as a percentage.

Raw-material characterization and pre-
liminary phytochemical screening

The common raw-material batch was evaluated for
dry-material recovery, loss on drying, and moisture con-
tent. Preliminary qualitative phytochemical screening was

performed on one reflux extract and one maceration ex-
tract selected as representative method-specific extracts
for group-level characterization; these screening results
were not used to identify individual compounds or to in-
fer the composition of all 15 runs.

For alkaloids, 1 mL of extract solution was treated with
ammonia and acidified with 2 N sulfuric acid; aliquots of
the acid phase were then tested separately with Mayer’s,
Wagner’s, and Dragendorft’s reagents. A white precipitate
with Mayer’s reagent, a brown/orange precipitate with
Wagner’s reagent, or an orange-to-reddish precipitate with
Dragendorff’s reagent was interpreted as a positive reac-
tion. For flavonoids, 3 mL of sample was treated with ap-
proximately 0.1 g of magnesium powder and concentrated
hydrochloric acid; development of a red to reddish-black
color was considered positive. Phenolics and tannins were
screened by adding 1% ferric chloride to the sample and
observing green, blue-black, or dark coloration. Saponins
were assessed by vigorous shaking; formation of a per-
sistent foam layer that remained after acidification with 2
N hydrochloric acid was interpreted as positive. Steroidal/
triterpenoid constituents were screened using the Lieber-
mann-Burchard reaction, in which characteristic green or
red-purple color development was interpreted as a posi-
tive group-level reaction. Because these color and precipi-
tation reactions are nonspecific, the results were interpret-
ed only as preliminary indications of metabolite groups.

Total phenolic and total flavonoid con-
tents

Total phenolic content (TPC) was determined using the
Folin-Ciocalteu method with gallic acid as the standard,
with modifications from Susanti et al. (2025). Gallic acid
standards were prepared at 20, 40, 60, 80, and 100 pug/mL.
A 0.5 mL aliquot of standard or sample was mixed with
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2.5 mL of Folin-Ciocalteu reagent and 2 mL of 7.5% sodium
carbonate. After incubation for 45 min at room temperature
in the dark, absorbance was measured at 763 nm. TPC was
expressed as mg gallic acid equivalents per gram of dry ex-
tract (mg GAE/g). Each extract was measured in triplicate;
the reported variation represents analytical repeatability.

Total flavonoid content (TFC) was determined using
the aluminum chloride colorimetric method with querce-
tin as the standard (Husna et al. 2025; Susanti et al. 2025).
Quercetin standards were prepared at 20, 40, 60, 80, and
100 pug/mL. A 1 mL aliquot of standard or sample was
mixed with 1 mL of 10% aluminum chloride and 8 mL of
sodium acetate solution. The mixture was incubated for
30 min at room temperature in the dark, and absorbance
was measured at 433 nm. TFC was expressed as mg quer-
cetin equivalents per gram of dry extract (mg QE/g). Mea-
surements were performed in triplicate.

DPPH radical-scavenging activity

DPPH radical-scavenging activity was determined with
modifications from Herdini et al. (2026) and Riwanti et
al. (2021). DPPH was prepared in methanol and diluted
to a working concentration of 50 pg/mL. Extract stock
solutions were prepared in methanol and diluted to a
concentration series selected for each extract to cover the
response range used for IC, estimation. The final extract
concentrations in the 5 mL assay mixture were 20, 40, 60,
80, and 100 pg/mL. When the 50% inhibition region was
not bracketed, the concentration series was extended to
110, 120, 130, 140, and 150 pg/mL. For each measurement,
the appropriate aliquot of extract solution was transferred
to a 5 mL volumetric flask, 3 mL of 50 pg/mL DPPH solu-
tion was added, and methanol was added only to bring
the total assay volume to 5 mL. Thus, methanol served as

the assay solvent and volume adjuster rather than as an
additional test concentration. The mixtures were incubat-
ed at 37 °C for 20 min in the dark, and absorbance was
measured at 518 nm. Percentage inhibition was calculated
relative to the DPPH control, and IC_ was estimated from
the concentration-inhibition relationship for each extract.

Ascorbic acid (2, 4, 6, 8, and 10 ug/mL) was included
as a positive-control response. The measured inhibition at
the lowest tested concentration was already above 50%, so
the experimental range did not bracket the 50% response.
For this reason, an IC_ obtained by extrapolating the fit-
ted line outside the tested concentration range was not
considered methodologically valid and was not reported.
The positive-control data are therefore presented only as
evidence that the assay responded to a reference antioxi-
dant. A lower ascorbic acid concentration series would be
required in a future experiment to determine an interpo-
lated positive-control IC, .

Statistical analysis, optimization, and
validation

The reflux and maceration experiments were conducted
and analyzed as two independent datasets. The reflux data-
set was analyzed in Minitab Statistical Software version 19
and the maceration dataset in version 21 because these
were the software installations available when the respec-
tive datasets were processed. The same BBD/RSM mod-
eling framework, term assessment, adequacy criteria, and
desirability-based optimization logic were applied to both
datasets; therefore, the version difference reflects software
availability rather than a difference in statistical design.

For each response, linear, two-factor interaction, and
quadratic terms were assessed using the general sec-
ond-order model:

Y = bo + b1X1 + bzXz + ngg + b4X1X2 + b5X1X3 -+ bGX2X3 + b7X12 -+ b8X22 + nggz,

where Y is the predicted response, b0 is the intercept, bi are
linear coeflicients, bii are quadratic coefficients, and bij are
interaction coefficients. Model adequacy was evaluated using
analysis of variance, model p-values, lack of fit, R?, adjusted
R?, and predicted R* (Myers et al. 2016; Montgomery 2017;
Czyrski and Jarzebski 2020). Multi-response optimization
used desirability functions to maximize yield, TPC, and TFC
and minimize IC, . The predicted optimum for each method
was validated using three independently prepared extraction
experiments, and validation results were compared with the
reported 95% confidence and prediction intervals.

GAE
Phenolic recovery = extraction yield(%) x TPC (mg

Flavonoid-equivalent recovery (mg QE/100 g dry al-
gae) was calculated as:

A descriptive matched center-point assessment used
the three center-point runs from each design. The center
points for both designs used 60-mesh powder, 50 g of ma-
terial, 96% ethanol, and a 1:10 solid-to-solvent ratio, while
temperature and duration remained method-specific. The
assessment was therefore interpreted as a comparison of
process configurations rather than an isolated causal effect
of the extraction method.

Phenolic-equivalent recovery (mg GAE/100 g dry al-
gae) was calculated as:

extract) .

E
Flavonoid recovery = extraction yield(%) x TFC (mgQ—extract>-
g



Pharmacia 73: e209685

Because extraction yield (%) represents grams of ex-
tract recovered per 100 g of dry starting material, multi-
plication by TPC or TFC yields the corresponding equiv-
alent recovery per 100 g of dry algae.

Results

Raw-material authentication and pre-
liminary characteristics

The collected material was authenticated as Sargassum
polycystum, family Sargassaceae. Processing 40 kg of fresh
algae produced 2.6 kg of dried powdered material, corre-
sponding to a dry-material recovery of 6.50%. The powder
showed a loss on drying of 7.97 + 0.24% and a moisture
content of 11.83 + 0.08% (Table 2).

Table 2. Preliminary characteristics of the common Sargassum
polycystum raw-material batch.

Parameter Result

Authentication Sargassum polycystum, Sargassaceae

Authentication certificate No. 113/HB/03/2025

Fresh material 40 kg
Dried powdered material 2.6kg
Dry-material recovery 6.50%
Loss on drying 7.97 £0.24%

Moisture content 11.83 £ 0.08%

Preliminary phytochemical profile

The method-specific representative reflux and maceration
extracts used for qualitative screening showed positive re-
actions for phenolics, flavonoids, tannins, saponins, and
Liebermann-Burchard-reactive  steroidal/triterpenoid
constituents. Alkaloid reactions were reagent-dependent:
Mayer’s reagent was negative, whereas Wagner’s and Dra-
gendorfl’s reactions were positive (Table 3). These results
are preliminary group-level observations and do not es-
tablish the presence of individual compounds.

Observed extraction responses

Reflux extraction produced yields of 5.46-15.38%. The
highest observed yield was 15.38% at 60 °C, 2 h, and 1:10,
whereas the lowest yield was 5.46% at 50 °C, 2 h, and 1:5.
Reflux TPC ranged from 12.61 to 53.05 mg GAE/g, TFC
from 15.29 to 42.41 mg QE/g, and DPPH IC, from 98.66
to 155.48 pg/mL. The highest TPC and TFC values and
the lowest IC,, were observed at 50 °C, 1 h, and 1:10.
Maceration produced yields of 2.01-15.30%. The highest
observed yield was 15.30% at 72 h, 60 mesh, and 1:15, where-
as the lowest yield was 2.01% at 24 h, 40 mesh, and 1:10.
Maceration TPC ranged from 12.62 to 62.98 mg GAE/g,
TEC from 14.60 to 40.77 mg QE/g, and DPPH IC_ from
36.19 to 171.91 ug/mL. The highest TPC and TFC values
and the lowest IC,, were observed at 24 h, 80 mesh, and
1:10. In both designs, the condition producing the highest
yield differed from the condition producing the strongest
antioxidant-related quality responses (Table 4).

Model adequacy and factor effects

All reflux response models were statistically significant,
with model p-values of 0.001 for yield, 0.005 for TPC,
0.005 for TFC, and 0.006 for IC, . Extraction temperature
had the largest reported F-values among the reflux factors.
Reflux R? values ranged from 85.55% to 97.96%, and lack
of fit was non-significant for all responses. Predicted R?
was substantially lower than adjusted R* for TPC, TFC,
and IC_, indicating limited out-of-sample precision for
these bioactive responses.

All maceration response models were also significant,
with p < 0.001 for yield and TPC, p = 0.002 for TFC, and
p =0.003 for IC, . Extraction time had the largest report-
ed F-value for every maceration response. Maceration
R? values ranged from 81.78% to 99.16%, and lack of fit
was non-significant. Predicted R?* values were lower for
TPC, TFC, and IC,, than for yield, although they were
higher than the corresponding reflux predicted R* val-
ues (Table 5).

Table 3. Preliminary qualitative phytochemical profile of the method-specific representative extracts.

Metabolite group/test Reflux extract Maceration extract Main observation
Alkaloid—Mayer Negative Negative No white precipitate
Alkaloid—Wagner Positive Positive Brown/orange precipitate
Alkaloid—Dragendorff Positive Positive Orange to reddish precipitate
Phenolics—FeCl, Positive Positive Green to blue-black coloration
Flavonoids Positive Positive Red/reddish coloration
Tannins Positive Positive Green/blue-black coloration or precipitate
Saponins Positive Positive Stable foam

Steroidal/triterpenoid reaction Positive

Positive Positive Liebermann-Burchard color reaction

Table 4. Side-by-side comparison of observed response ranges and best experimental conditions for reflux and maceration.

Response Reflux range Reflux best condition/value Maceration range Maceration best condition/value
Yield 5.46-15.38% 60 °C, 2 h, 1:10/15.38% 2.01-15.30% 72 h, 60 mesh, 1:15/15.30%
TPC 12.61-53.05mg GAE/g 50 °C, 1 h, 1:10/53.05 mg GAE/g 12.62-62.98 mg GAE/g 24 h, 80 mesh, 1:10/62.98 mg GAE/g
TFC 15.29-42.41 mg QE/g 50 °C, 1 h, 1:10/42.41 mg QE/g 14.60-40.77 mg QE/g 24 h, 80 mesh, 1:10/40.77 mg QE/g

DPPHIC,, 98.66-155.48 pg/mL

50 °C, 1 h, 1:10/98.66 pg/mL

36.19-171.91 pg/mL 24 h, 80 mesh, 1:10/36.19 pg/mL
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Table 5. Comparative model adequacy for reflux and maceration extraction.

Response Reflux F Reflux p

Reflux R?/Adj/Pred Maceration F Maceration p Maceration R?/Adj/Pred

Comparison notes

Yield 26.69 0.001 97.96/94.29/72.15% 65.93 <0.001
TPC 7.89 0.005 85.55/74.71/42.70% 16.46 <0.001
TFC 13.73 0.005 96.11/89.11/50.53% 19.14 0.002
IC 12.46 0.006  95.71/87.99/33.96% 17.94 0.003

50

99.16/97.66/90.51%
81.78/76.81/62.58%
97.18/92.10/67.54%
97.00/91.59/55.92%

Strongest predictive performance in both methods
Prediction weaker than fit
Maceration higher predicted R?

Highest prediction uncertainty

Descriptive matched center-point as-
sessment

The center points of both designs used 60-mesh powder and
a 1:10 solid-to-solvent ratio. Reflux center-point runs were
performed at 60 °C for 2 h, whereas maceration center-point
runs were performed at 25 + 2 °C for 48 h. Reflux produced
a higher mean yield, while maceration produced a higher
mean TPC and a lower mean DPPH IC_. Mean TFC values
were similar. Because time and thermal conditions differed,
these values compare process configurations rather than
isolate the effect of the extraction method (Table 6).

Table 6. Descriptive assessment of three independently pre-
pared center-point runs.

Reflux center Maceration Common Method-specific

Response

point center point conditions conditions
Yield (%) 15024035 631+057 60mesh;  60°C,2hvs.
TPC (mg GAE/g)  16.33+1.62 39.52+2.33  1:10; 25+2°C,48h
TFC (mg QE/g) 17.68£2.08 19.76 +1.85 508 96%
DPPHIC, (ug/mL) 153.93+240 92.95+5.99 ethanol

Multi-response optimization and vali-
dation

The reflux multi-response optimum was predicted at
50.404 °C, 1.0404 h, and a solid-to-solvent ratio of ap-
proximately 1:9.55, with a composite desirability of 0.663.
Predicted responses were 9.78% vyield, 41.61 mg GAE/g
TPC, 38.60 mg QE/g TFC, and 113.16 ug/mL IC, . Valida-

tion produced 10.32%, 39.68 mg GAE/g, 33.24 mg QE/g,
and 109.25 pg/mL, respectively. All validation values fell
within the corresponding 95% confidence and prediction
intervals (Table 7).

Table 7. Predicted and validated responses under optimized
conditions.

Method Response  Predicted Validated — 95% CI 95% PI
Reflux Yield (%) 9.78 10.32 8.667-10.885 8.029-11.532
TPC (mg 41.61 39.68 29.34-53.88 16.00-67.23
GAE/g)
TFC (mg QE/g)  38.60 33.24 32.99-44.22  29.70-47.51
IC, (pg/mL) 113.16 109.25 102.24-124.09 93.44-132.89
Maceration Yield (%) 5.35 5.54 3.540-7.167  2.939-7.769
TPC (mg 56.08 59.39 43.74-68.42  35.95-76.23
GAE/g)
TFC (mg QE/g)  37.39 38.03 31.39-43.39  29.40-45.38
IC,, (ug/mL) 55.20 55.66 19.6-90.8 7.8-102.6

The maceration optimum was predicted at 24 h, 80
mesh, and a solid-to-solvent ratio of approximately 1:5.30,
with a composite desirability of 0.704. Predicted responses
were 5.35% yield, 56.08 mg GAE/g TPC, 37.39 mg QE/g
TFC, and 55.20 pg/mL IC,,. Validation produced 5.54%,
59.39 mg GAE/g, 38.03 mg QE/g, and 55.66 pg/mL, re-
spectively. These values were within the reported intervals,
although the IC,  prediction interval was wide. Three-di-
mensional response surfaces illustrate the method-specific
effects of the main extraction variables on TPC and DPPH
IC,, under the optimized solvent-ratio conditions (Fig. 2).
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Reflux extraction: TPC response surface
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Figure X. Three-dimensional response surface plots of TPC and DPPH ICsq
for reflux and maceration extraction of Sargassum polycystum.

Figure 2. Three-dimensional response surface plots of TPC and DPPH IC,  for reflux and maceration extraction of Sargassum polycystum.
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Yield-normalized phenolic- and flavo-
noid-equivalent recovery

Normalization to the initial dry algal mass produced a
different interpretation from concentration per gram of
extract. Based on the validated optimum values, reflux re-
covered an estimated 409.50 mg GAE and 343.04 mg QE
per 100 g of dry algae, whereas maceration recovered
329.02 mg GAE and 210.69 mg QE per 100 g of dry algae.
Thus, the optimized maceration extract was more concen-
trated in phenolic equivalents and showed a lower IC,,
while optimized reflux produced greater total phenolic-
and flavonoid-equivalent recovery from the starting bio-
mass (Table 8).

Table 8. Derived phenolic- and flavonoid-equivalent recovery
from validated optimum values.

;;atlelc_i TPC (mg  TFC (mg ref:;ee‘:'(;lzfng reil(il::rl;o(lslg
Method —  gq  GAEl8 QB (o pi00gal  QE/100gal-
extract)  extract)
(%) gae) gae)
Reflux 10.32 39.68 33.24 409.50 343.04
Maceration  5.54 59.39 38.03 329.02 210.69
Discussion

Method-specific extraction behavior

The two BBD experiments showed distinct response pat-
terns because reflux and maceration operate under dif-
ferent process conditions. Reflux combines controlled
heating with solvent condensation and can increase
mass transfer within a shorter processing time. However,
higher temperatures or prolonged exposure can reduce
phenolic and flavonoid stability (Zhang et al. 2018; Ant-
ony and Farid 2022). The highest reflux TPC and TFC
values and the lowest reflux IC, occurred at the lowest
investigated temperature and shortest extraction time,
indicating that mild heating was more favorable for an-
tioxidant-related quality than more intensive reflux con-
ditions. Maceration showed a different time-dependent
profile: the highest yield occurred after 72 h, whereas
the highest TPC and TFC values and the lowest IC, oc-
curred after 24 h with 80-mesh powder. Smaller parti-
cles increase contact area and shorten diffusion pathways
(Prasedya et al. 2021). Extending extraction beyond the
quality optimum may increase total soluble mass with-
out proportionally increasing phenolic or flavonoid con-
stituents; prolonged contact can also be accompanied by
equilibrium, oxidation, or degradation of released com-
pounds (Cheng et al. 2025).

Yield-quality trade-off

A central finding was that maximum extraction yield did
not coincide with maximum antioxidant-related quality.
Yield measures total soluble material, whereas TPC and
TFC represent equivalent concentrations per gram of ex-
tract. A high-yield extract may contain polysaccharides,

salts, pigments, and other non-target material, while
a lower-yield extract may contain a higher concentra-
tion of phenolic- and flavonoid-reactive constituents (EI
Mannoubi 2023). This distinction is particularly relevant
to brown algae because their cell walls contain complex
polysaccharide and protein matrices that can release bulk
material under conditions that do not proportionally in-
crease antioxidant-related constituents (Beuder and Bray-
brook 2023; Badruddin et al. 2024). The yield-normalized
analysis adds an important qualification: although opti-
mized maceration had higher TPC per gram and lower
DPPH IC,, optimized reflux recovered more phenolic-
and flavonoid-equivalent material per 100 g of starting
algae. Process selection therefore depends on whether the
application prioritizes extract concentration or total re-
covery from biomass.

Interpretation of matched center points

The descriptive center-point assessment compared con-
ditions sharing 60-mesh powder, 50 g of material, 96%
ethanol, and a 1:10 solid-to-solvent ratio. Reflux yielded
more extract, whereas maceration produced higher TPC
and lower IC_. Nevertheless, the configurations differed
in temperature and duration; they cannot be interpreted
as a fully controlled head-to-head test isolating the ex-
traction method. The analysis supports only the narrower
conclusion that the two practical configurations produced
different yield-quality profiles.

Statistical reliability and model limita-
tions

All response models were significant and had a non-sig-
nificant lack of fit, indicating adequate representation
of the observed design-space data (Myers et al. 2016;
Czyrski and Jarzebski 2020). However, high R* does not
guarantee strong prediction. Predicted R* values for re-
flux TPC, TFC, and IC,, were substantially lower than
the adjusted R? values. Maceration models showed higher
predicted R? values, but prediction was still less stable for
bioactive responses than for yield. Validation values were
close to predictions and fell within the reported confi-
dence and prediction intervals; however, the wide pre-
diction interval for maceration IC, indicates substantial
uncertainty. The models should therefore be used within
the investigated factor ranges and not extrapolated to un-
tested conditions.

Preliminary characterization and study
limitations

Qualitative phytochemical tests indicated reagent-reac-
tive phenolic, flavonoid, tannin, saponin, and steroidal/
triterpenoid groups in the method-specific representative
extracts. These reactions do not identify individual com-
pounds, and Folin-Ciocalteu and aluminum chloride as-
says are group-level measurements rather than selective
quantification of phlorotannins or specific flavonoids.
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The antioxidant assessment was limited to DPPH, which
measures chemical radical-scavenging under defined sol-
vent conditions and does not establish cellular antioxidant
activity. Additional assays such as ABTS, FRAP, ORAC,
or cellular oxidative-stress models would broaden inter-
pretation (Apak et al. 2016). Chromatographic profiling
by high-performance liquid chromatography with di-
ode-array detection (HPLC-DAD) or liquid chromatogra-
phy-mass spectrometry (LC-MS) would also be required
to relate process conditions to individual phlorotannin,
flavonoid, or pigment constituents (Lee et al. 2024). Re-
sidual solvent content of the concentrated extracts was not
quantified, and this limitation should be considered in fu-
ture process standardization.

Practical implications

Reflux and maceration should be considered comple-
mentary process options. Reflux is relevant when shorter
processing time and greater total recovery are prioritized,
provided that temperature and duration are controlled.
Maceration is relevant when an extract more concentrat-
ed in phenolics and a stronger DPPH response are prior-
itized and a longer processing time is acceptable. Future
development should evaluate assisted extraction technol-
ogies and green-process metrics, including solvent con-
sumption and energy demand (Chemat et al. 2019; Lee et
al. 2024).
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