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Abstract

Recently, plant raw materials, which are a source of valuable secondary metabolites such
as polyphenols and terpenoids with antioxidant properties, have been gaining increasing
importance in cosmetology as key active ingredients in plant extracts. One such species is
Comarum palustre L. (C. palustre), traditionally valued mainly for its anti-inflammatory and
regenerative properties, and more recently also for its antioxidant activity. The aim of the
study was to evaluate the impact and optimize the technological parameters of the C. pal-
ustre extraction process using response surface methodology (RSM). The factors analyzed
included extraction time (2-10 min) and the volumetric concentrations of aqueous solvent
solutions —ethanol (Et), isopropanol (Ipa), and acetone (Ac)—ranging from 20 to 100%
v/v. The process was optimized taking into account antioxidant activity (determined
based on the ability to neutralize free radicals using the DPPH method and reduce Fe¥*
ions using the FRAP method), chelating activity (assessed based on the ability to bind Fe?*
ions using the ferrozine method), total polyphenol content (TPC, determined by the Folin—
Ciocalteu method), and the extraction yield of neophytadiene (NFD) and phytol—active
compounds with proven antioxidant properties, analyzed by GC-MS. The use of optimal
technological parameters, including a 5-minute extraction time and a 50% (v/v) concen-

Academic Editors: Antonios E. tration of aqueous solvent solutions (acetone, ethanol, and isopropanol), made it possible

Koutelidalds, Ena Cegledi and to obtain an extract from C. palustre herb characterized by the following properties: anti-
oxidant activity > 120 mg Tx/L (DPPH), Fe* ion reduction capacity > 25 mmol Fe>/L

(FRAP), chelating activity > 330 mg Fe?/L (ferrozine method), and total polyphenol con-

Ana Dobrinc¢i¢

Received: 8 January 2026
Revised: 10 February 2026
Accepted: 11 February 2026
Published: 13 February 2026

tent exceeding 6 g GAE/L (Folin—Ciocalteu method). Maximum extraction yields for phy-
tol (phytol > 40 mg/kg) and neophytadiene (NFD > 20 mg/kg) were obtained in GC-MS
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preparations, may significantly contribute to increasing interest and wider use of C. pal-
ustre in the cosmetics industry.

Keywords: Comarum palustre L.; phenolic compounds; neophytadiene; phytol;
antioxidative potential

1. Introduction

Marsh cinquefoil, the utilized common name for C. palustre, is a perennial plant of
the rose family (Rosaceae) that grows natively in the temperate climatic zone of the North-
ern Hemisphere, which includes Europe, Asia, and North America [1]. It is common in
Poland to find it in damp and marshy areas, such as along lake beaches, on peat bogs, and
in wet meadows. It requires soils that are acidic, damp, and have a lot of peat and clay. In
its natural habitat, the plant has long rhizomes that let it reproduce vegetatively, which is
why it is a common part of marsh vegetation. The plant usually grows to be 30 to 60 cm
tall and has spreading rhizomes from which branches grow above ground. The leaves are
odd-pinnate, and the leaflets are oval-shaped and have hairs on the bottom that make
them seem silver-gray. The bright purple blooms bloom from June to August, making this
plant suitable for use as an adornment in gardens with wet soil [1]. These botanical and
ecological characteristics are closely linked to the plant’s rich profile of secondary metab-
olites, which form the basis of its traditional medicinal use. People in Northern Europe
and Asia have utilized the herb in traditional medicine for a long time. Traditionally, in-
fusions made from its rhizomes and aerial portions were used to help with inflammation,
rheumatic disorders, joint discomfort, and skin infections [2]. Because it contains tannins,
it also has astringent and antibacterial qualities. Recent studies validate that extracts from
C. palustre have anti-inflammatory and antioxidant properties, along with potential anti-
diabetic benefits [3-5].

Extracts derived from plant materials provide a significant supply of bioactive chem-
icals, whose chemical variety dictates a broad spectrum of biological activities, including
antioxidant action. Comarum palustre L. is a species that has been used in traditional med-
icine for a long time. It is a noteworthy plant resource because it has phenolic secondary
metabolites and other compounds. The profile includes aliphatic derivatives (alcohols, al-
dehydes, and carboxylic acids), fatty acids, terpenoids (sesquiterpenes, diterpenoids, ke-
tones, and alcohols), phenylpropanoids, phytosterols, and nitrogen-containing com-
pounds [6-9]. The existing research unequivocally demonstrates that C. palustre is a raw
material unusually abundant in phenolic compounds, chiefly ellagitannins and flavonoids
[10]. Olennikov et al. [11] did a thorough investigation on polyphenolic composition, re-
vealing a diverse array of ellagitannins, including agrimoniin, potentillin, pedunculagin
(a and ), casuarinin, and sanguiin H-6. The research also found many flavonoids, mostly
kaempferol and kaempferol-3-O-rutinoside, and quercetin glycosides such as astragalin,
isoquercitrin, rutin, and quercetin-3-O-galactoside. The identification of proanthocya-
nidins, catechins, and epicatechins expands the phenolic profile of the plant, substantiat-
ing its significant antioxidant and anti-inflammatory capabilities. The results indicate that
the aqueous and ethanolic extracts of C. palustre contain a complex polyphenolic matrix
characteristic of the Rosaceae family [12]. The phytochemical composition undoubtedly
contributes to the traditionally recognized medicinal actions of the raw material, particu-
larly its anti-inflammatory and astringent properties [5]. In this context, it is pertinent to
reference the foundational botanical and pharmacognostic research of Kashchenko [13],
which represents one of the earliest accounts of the composition of raw materials from the
genus Potentilla and related taxa in traditional Russian and Siberian phytotherapy.
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Kashchenko [13] emphasized the importance of tannin components, particularly ellagitan-
nins, as the principal factors influencing the astringent and anti-inflammatory properties of
marsh plant raw materials. Although modern experimental techniques are lacking in his
study, it provides a substantial historical foundation for future chemical research.

The composition of volatile metabolites in C. palustre is far less studied in the litera-
ture compared to its well-characterized polyphenol profile. The most comprehensive data
on secondary and primary metabolites are from the research conducted by Strugar et al.
[14], who used the GC-MS method and equipment to discover chemicals in both the aerial
and subterranean portions of the plant. The authors recorded 933 metabolite signals, of
which 120 were clearly recognized. Quantitative research revealed that organic acids and
their derivatives (such as citric, malic, and fumaric acids), alcohols, some esters, and sim-
ple carbohydrates were predominant. The quantitative analysis revealed high levels of
chemicals from the carboxylic acid and sugar categories, but the presence of traditionally
recognized volatile compounds (terpenes, monoterpenes, and sesquiterpenes) was negli-
gible or nonexistent [14].

Marsh cinquefoil, the common name for C. palustre, is a perennial plant in the rose
family (Rosaceae) that is native to the temperate regions of the Northern Hemisphere,
including Europe, Asia, and North America [1]. It is common in Poland to find it in damp
and marshy areas, such as along lake beaches, on peat bogs, and in wet meadows. It re-
quires soils that are acidic, damp, and have a lot of peat and clay. In its natural habitat,
the plant has long rhizomes that let it reproduce vegetatively, which is why it is a common
part of marsh vegetation. The plant usually grows to be 30 to 60 cm tall and has spreading
rhizomes from which branches grow above ground. The leaves are odd-pinnate, and the
leaflets are oval-shaped and have hairs on the bottom that make them seem silver-gray.
The bright purple blooms bloom from June to August, making this plant good for use as
an adornment in gardens with wet soil [1]. Traditional methods use infusions made from
its rhizomes and aerial portions to help with inflammation, rheumatic disorders, joint dis-
comfort, and skin infections [2]. Because it contains tannins, it also has astringent and an-
tibacterial qualities. Recent studies validate that extracts from C. palustre have anti-inflam-
matory and antioxidant properties, along with potential antidiabetic benefits [3-5].

Ultrasound-assisted extraction (UAE) combined with response surface methodology
(RSM) enables process parameter optimization, resulting in maximum recovery of bioac-
tive compounds [15,16]. The literature on the subject indicates that the method of extract-
ing bioactive compounds from plant materials has a significant impact on their content
and composition, particularly with regard to polyphenols and flavonoids. Traditional
methods, such as maceration or Soxhlet extraction, are usually time-consuming, require
large amounts of solvent, and can lead to the degradation of sensitive compounds. There-
fore, there is growing interest in assisted techniques such as ultrasonic, microwave, or
supercritical CO2 extraction, which increase process efficiency while maintaining the sta-
bility of bioactive components [15,16].

Polyphenols present in the tested raw material, especially those containing hydroxyl
groups in the aromatic rings, exhibit a strong ability to neutralize reactive oxygen species
(ROS) [17]. Their mechanism of action is based primarily on the phenomenon of free rad-
ical scavenging and the termination of oxidation chain reactions [18,19]. The presence of
phenolic -OH groups allows for easy hydrogen atom transfer, which leads to the conver-
sion of reactive ROS, such as hydroxyl radicals (¢ OH), peroxyl radicals (ROO®), and sin-
glet oxygen (*102), into less reactive forms. As a result of this process, the polyphenol is
converted into a phenoxyl radical, which, thanks to the extensive delocalization of the
unpaired electron within the aromatic system, is much more stable than typical oxygen
radicals [17,20,21]. This delocalization occurs especially in polyphenols containing a sys-
tem of conjugated bonds and additional electron donor groups (e.g., -OCHs), which
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further enhances their antioxidant potential [22]. Phenoxy radicals do not initiate further
oxidative reactions, thus stopping the propagation of chain reactions. Under certain con-
ditions, they can also dimerize or form more stable oligomeric structures, which enhances
the effect of neutralizing oxidative stress. For this reason, polyphenols such as phenolic
acids, flavonoids, and flavanols, present in the tested raw material, play a key role in pro-
tecting cells from ROS by directly scavenging radicals, stabilizing the resulting phenoxy
radicals, interrupting the chain reactions of lipid peroxidation, and regenerating other an-
tioxidants, such as vitamin C [23,24].

The aim of this study was to evaluate the impact and optimize the technological pa-
rameters of the C. palustre herb extraction process in order to obtain extracts with high
antioxidant activity and maximum content of key secondary metabolites. Using response
surface methodology (RSM), the impact of two process variables was analyzed: extraction
time and the volume concentration of aqueous solutions of ethanol, isopropanol, and ac-
etone on the properties of the extracts obtained. The optimization was aimed at maximiz-
ing antioxidant activity (DPPH, FRAP, ChA), total polyphenol content (TPC), and the ex-
traction yield of selected terpenoids, i.e., neophytadiene and phytol, due to their docu-
mented antioxidant properties and potential cosmetic applications.

2. Materials and Methods
2.1. Materials

The plant material (i.e., C. palustre herb) came from the herbal company Dary Natury
(Zielony Zakatek, Grodzisk, Poland). The plant materials obtained were stored in sealed
containers at room temperature in a darkened place at the Pomeranian Medical University
(Szczecin, Poland).

2.2. Chemicals

6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox, Tx), 2,2-diphenyl-
1-picrylhydrazyl (DPPH), and 2,4,6-tripyridyl-s-triazine (TPTZ) were purchased from
Sigma-Aldrich (Merck Group, St. Louis, MO, USA). Acetone, ethyl alcohol, and isopropyl
alcohol were obtained from Chempur (Piekary Slaskie, Poland). The Folin-Ciocalteu rea-
gent was supplied by Merck (Darmstadt, Germany). Iron(II) sulfate heptahydrate, iron(II)
sulfate(VI), ferrozine, iron(IlI) chloride, and gallic acid were obtained from Merck (Darm-
stadt, Germany). Chempur (Piekary Slaskie, Poland) supplied n-octanol, octane, dipotas-
sium hydrogen phosphate, sodium phosphate dibasic dihydrate, barium hydroxide, mag-
nesium(II) sulfate heptahydrate, orthophosphoric acid, potassium hydroxide, sodium hy-
droxide, iron(III) chloride hexahydrate, ammonium chloride, calcium chloride dihydrate,
potassium dihydrogen phosphate, methanol, and 96% ethanol. Thermo Scientific
(Biatystok, Poland) provided AAPH (2,2"-azobis(2-methylpropionamidine) dichlorohy-
drate, 98%), while fluorescein sodium salt was obtained from Angene (Biatystok, Poland).
All reagents were of analytical grade.

2.3. Obtaining C. palustre Extract

C. palustre herb was subjected to granulometric standardization prior to extraction.
The material was sieved using a laboratory analytical sieve to obtain a fraction with a
particle size of <250 um. In subsequent stages of the research, only the fine-grained frac-
tion was used, which resulted in an increase in the contact area between the material and
the solvent and an increase in the efficiency of the extraction process. The extracts were
prepared using three solvents: isopropanol, ethanol, and acetone. 5 g of raw material was
weighed into each conical flask, followed by the addition of 100 g of solvent. The flasks
were then placed in an FSF-031S ultrasonic bath (ChemLand, Stargard, Poland).
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Ultrasound-assisted extraction was performed at a nominal frequency of 40 kHz for three
different durations, 2, 4, and 10 min, to evaluate the effect of cavitation time on the effi-
ciency of the process. After sonication, the extracts were immediately centrifuged in an
MPW-260R laboratory centrifuge (MPW Med. Instruments, Warszawa, Poland), which al-
lowed for effective separation of the plant sediment and obtaining clear solutions. The
extract was then poured into tightly sealed test tubes. The samples were stored in condi-
tions of limited light exposure, at room temperature, until further phytochemical analyses
and activity determinations were performed.

2.4. GC-MS Analysis of C. palustre Extract

The extraction efficiency of C. palustre herb in terms of neophytadiene (NFD yield)
and phytol (phytol yield) was assessed using gas chromatography coupled with mass
spectrometry (GC-MS), using a Shimadzu GC-MS-QP2020 NX (Shimadzu, San Jose, CA,
USA) equipped with a Shimadzu SH-I-5MS column (30 m x 0.25 mm x 0.25 pm) [25]. De-
tails of the method are described in Supplement S1.1. It was assumed that the detector
response to phytol and 1-octanol, as well as to neophytadiene and cetane, is comparable
[26,27]. Quantitative analysis was performed by adding 1-octanol and cetane as internal
standards to the extracts, using their known concentrations in the range of 2 to 10 mg/L.
The identification of neophytadiene and phytol was performed by comparing the rec-
orded mass spectra with data contained in the NIST 2020 library.

The determination was carried out as (1):

_ Sphytol
Cphytol - Cl—octanol ' S—
1—octanol
D
_ Sneophytadiene
Cneaphytadiene - Ccetane ’ S—

cetane

where
Cpmytoi—phytol concentration [mg/L],
Creophytadiene —neophytadiene concentration [mg/L],
Ci-octanoi— 1-octanol concentration [mg/L],
Ceetane— cetane concentration [mg/L],
Spwto—surface area of phytol,
Sneophytadiene—surface area of neophytadiene,
St-octano —surface area of 1-octanol,
Secetane—surface area of cetane.

2.5. Determination of Antioxidant Activity Using the DPPH Method

The antioxidant capacity of C. palustre extracts was assessed using the DPPH (2,2-
diphenyl-1-picrylhydrazyl) free radical reduction method [28]. The measurement was
performed using a Thermo Scientific GENESYS 50 spectrophotometer (Thermo Fisher Sci-
entific Inc., Waltham, MA, USA) at a wavelength of A =517 nm. Details of the method are
described in Supplement S1.2. Trolox was used as the reference compound. The antioxi-
dant activity results are given in mg Tx/L, calculated based on the calibration curve: y =
-1.0321x +1.1342, R2=0.997.

2.6. Determination of Antioxidant Activity Using the FRAP Method

The reducing capacity of iron ions was assessed using the FRAP (Ferric Reducing
Antioxidant Power) test, which measures the ability of antioxidants to reduce Fe** ions to
Fe?" in the presence of the complexing reagent TPTZ (2,4,6-tripyridyl-s-triazine) [28]. A
full description of the procedure can be found in Supplement S1.3. The ability of extracts
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to reduce Fe* ions to Fe?, determined by the FRAP method, is presented as the concen-
tration of Fe?* in millimoles per liter of extract (mmol Fe?/L). Prior to FRAP analysis, ex-
tracts were diluted to ensure that the concentration of reduced Fe? ions did not exceed
the stoichiometric limit of the FRAP reagent. This guaranteed that the measurement re-
mained within the linear range and that the Fe* to Fe?* reduction was not constrained by
reagent depletion.

2.7. Determination of Total Polyphenol Content Using the Folin—Ciocalteu Method

The total polyphenol content (TPC) in extracts was determined using the Folin—Cio-
calteu method, employing a GENESYS 50 spectrophotometer (Thermo Scientific) at a
wavelength of A = 750 nm, with gallic acid as the reference compound [29]. A detailed
description of the procedure can be found in Supplement S1.4. The results are givenin g
GAE/L of extract, based on the calibration curve: y = 0.0075x, R? = 0.997.

2.8. Evaluation of Fe?* Ion Chelating Activity

The Fe?-chelating capacity of the extracts was evaluated using the ferrozine assay as
described previously [24]. Heavy metal ions, including divalent iron, are known to initiate
undesirable oxidation processes involving lipids and polyphenols, leading to deteriora-
tion of product quality and accelerated degradation of active constituents in formulations.
Extracts exhibiting chelating activity are capable of binding these metal ions, thereby im-
proving formulation stability by limiting metal-catalyzed oxidative reactions.

Since metal ions interact with components present in cosmetic formulations and may
accelerate their degradation, extracts capable of chelating Fe?* act as protective chelators.
By reducing the pool of free catalytic metal ions, they help maintain the chemical stability
of active compounds and prevent the formation of reactive oxygen species, a key mecha-
nism contributing to oxidative damage [30,31]. The detailed analytical procedure applied
in this study is provided in Supplement 51.5.

The chelating activity (ChA) of Fe? ions was calculated using the following Formula (2):

[(CFeZ+r.s. — CFeZ+t.s.) ) Vs]

= 2
ChA 7 )

where

ChA—chelating activity of Fe? [mg/L],

Crez+rs.—concentration of Fe? ions in the reference sample [mg/L],

Crests.—concentration of Fe?* ions in the tested sample [mg/L],

Vs—total volume of solution introduced into volumetric flasks [L],

Ve—volume of extract introduced into volumetric flasks [L].

The ability to chelate Fe* ions, determined using the ferrozine method, was ex-
pressed as the concentration of Fe?* in milligrams per liter of extract (mg Fe?*/L).

2.9. Optimization of C. palustre Extraction Using Response Surface Methodology

Mathematical optimization of the C. palustre herb extraction process using ultra-
sound-assisted methods was performed using a central composite design (CCD) [32]. In
order to obtain the most precise mathematical description of the C. palustre herb extraction
process, the following technological parameters were taken into account: extraction time
(2-10 min) and volume concentration of aqueous solvent solutions: acetone (Ac), ethanol
(Et), and isopropanol (Ipa) in the range of 20-100% v/v, with a constant plant material
content of 5 g/100 mL. The tests were carried out for three solvents that are highly miscible
with water: acetone, ethanol, and isopropanol [33]. Actual input values were used for the
calculations. Preliminary experiments performed using the one-factor-at-a-time (OFAT)
method demonstrated that these parameters—extraction time and the volumetric
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concentrations of aqueous solutions of ethanol, isopropanol, and acetone—exerted the
most statistically significant effects on antioxidant activity, total phenolic content (TPC),
and terpenoid yield. The initial range of solvent concentrations (20-100% v/v) was pre-
pared as a series of dilutions. From this range, three representative concentrations were
selected for the experimental design: 20%, 60%, and 100% v/v. These concentrations reflect
low, intermediate, and high proportions of organic solvent in the extraction mixture.

Based on the experimental results, a significance analysis was performed, and re-
sponse surface regression functions describing the extraction process of C. palustre herb
were determined. Based on the obtained regression models, the optimal parameters of this
process were determined. The ranges of variability of the input variables were as follows: X
(t, extraction time): 2-10 min and Xz (volume concentration of aqueous solvent solutions: ace-
tone, ethanol, isopropanol): 20-100% v/v. At this stage of the study, the optimal range of con-
centrations of the tested solvents and the extraction time were determined.

The main surface response functions describing the extraction process of C. palustre herb
included antioxidant activity (assessed based on the ability to neutralize free radicals using
the DPPH method and reduce Fe* ions using the FRAP method), chelating activity (deter-
mined by the ability to bind Fe? ions using the ferrozine method), total polyphenol content
(TPC, determined using the Folin—Ciocalteu method), and the extraction yield of neophytadi-
ene (NFD) and phytol, analyzed using GC-MS. Contour plots were prepared using Statistica
13.3 PL software (StatSoft, Krakow, Poland), which was then used for further analysis.

The analysis of the obtained response surface models demonstrated that solvent so-
lutions at 50% v/v provided the most efficient extraction conditions across the antioxidant
activity, chelating activity, total polyphenol content, and the extraction yield of neophyt-
adiene (NFD) and phytol. Therefore, 50% v/v was selected as the optimal extraction con-
centration for subsequent antioxidant assays.

Multiple regression analysis was used to determine the regression model describing
the impact of individual independent variables on the extraction process responses. This
method made it possible to determine the significance of individual factors and their in-
teractions, as well as to determine regression equations describing the response surfaces
[34]. Statistical analyses were performed on data expressed using actual (non-coded) fac-
tor values, which enabled direct interpretation of the impact of individual process varia-
bles on model responses.

The influence of normalized independent factors (Xi, Xj) of the C. palustre herb ex-
traction process on the value of the response function (Yi) was presented using a second-
degree algebraic polynomial (3):

n n n-1 n
yl.=a0+2ai1-Xi+Zai2'Xi2+zzaij'Xi'Xj (3)
i=1 i=1

i=1 j=i+1

where

Xi—extraction time, t (1); volumetric concentration of aqueous solvent solutions: ac-
etone (Ac), ethanol (Et), and isopropanol (Ipa), VCASS (2);

ai—regression coefficients;

Y1—antioxidant activity, DPPH (1);

Y>—antioxidant activity, FRAP (2);

Ys—chelating activity, ChA (3);

Yi—total polyphenol content, TPC (4);

Ys—extraction yield relative to neophytadiene, NFD yield (5);

Yes—extraction yield relative to phytol, phytol yield (6).

The regression coefficients of the polynomial model were estimated using the
least-squares method with matrix calculus, based on normalized input variables. Because
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the experimental design did not include replicated center points, pure experimental error
could not be determined. Consequently, the reported mean square error (MS) reflects the
residual variance of the fitted regression model.

To evaluate extraction efficiency, experiments were performed under the previously
optimized conditions using a solvent concentration of 50% v/v. Four raw-material concen-
trations were tested: 0.5, 1, 2, and 5 g/100 mL. The relationship between total polyphenol
content (TPC) and raw-material concentration (Z) was described using Equation (4):

TPCoar " K - Z
TPC =—mex — = 4
1+K-Z @

where

TPCmax—maximum TPC concentration in the extract [mmol/L],

K—extraction equilibrium constant [L/g],

Z—concentration of the material undergoing extraction [g/L].

The course of the fitted curves, defining the TPC yield according to Equation (4),
shows the relationship between the solvent concentration and the efficiency of polyphenol
extraction (5):

TPC
= 5
U=— )
Equations (4) and (5) show that (6):
TPChax ' K
= “max 6
rpc 1+K-Z ©)

Substituting Z = 0 into Equation (6) allows the maximum TPC yield for the respective
solvent to be calculated.

2.10. Statistical Analysis

Using the least squares method with matrix calculus, regression coefficients were de-
termined for normalized input variables. A central composite design (CCD) was prepared
to optimize the C. palustre process. Contour plots and an experimental design were created
using Statistica 13.3 PL software 7 (StatSoft, Krakow, Poland). A one-way analysis of var-
iance (ANOVA) was used for statistical analysis of the optimization process. The ANOVA
test was used to check the adequacy of the tested function. The results are presented as
mean * standard deviation (SD). Statistical calculations were performed using Statistica
13.3 PL software 7 (StatSoft, Krakow, Poland).

3. Results

3.1. Experimental Results and Regression Model Analysis

The regression coefficients (ac—as) and the model quality indicators (R?, AdjR?, MS)
for all analyzed responses (DPPH, FRAP, ChA, TPC, NED yield, phytol yield) are pre-
sented in Table 1. The models were fitted separately for each solvent (ethanol, isopropa-
nol, acetone). Table 1 summarizes the regression coefficients along with the correlation
coefficient of the surface area relative to the experimental points.

Table 1 presents the regression equation coefficients (ac—as) and the model quality
parameters for the analyzed responses—DPPH, FRAP, ChA, TPC, NFD yield, and phytol
yield —obtained for each solvent (ethanol, isopropanol, and acetone). The regression
models show good numerical fit to the experimental data points; however, due to the
absence of replicated center points, their predictive reliability cannot be fully evaluated.
The adjusted coefficients (AdjR?) vary considerably among the responses and solvents,

https://doi.org/10.3390/app16041893


https://doi.org/10.3390/app16041893

Appl. Sci. 2026, 16, 1893

9 of 30

showing both moderate and very high values, which reflects the differing complexity and
variability of each response. The best model performance was observed for NFD yield and
phytol yield (R? > 0.995), as well as for TPC and FRAP (R? > 0.97), indicating strong
predictive accuracy for these responses. The mean square error (MS) values were lowest
for the FRAP and TPC models (0.00826-6.93), confirming their stability in describing the
influence of extraction time and solvent concentration. It should be noted that, due to the
absence of replicated center points in the experimental design, the MS values represent
model residuals and not pure experimental error.

Table 1. Regression equation coefficients (ao-as) and values of the correlation coefficient (R?), ad-
justed correlation coefficient (AdjR?), and mean square error (MS) for the analyzed responses:
DPPH, FRAP, ChA, TPC, NFD yield, and phytol yield, at a raw material concentration of 5 g/100

mL in ethanol, isopropanol, isopropanol, and acetone.

Coefficient

DPPH FRAP ChA TPC NFD Yield Phytol Yield
Values
Et
ao 21.26135 -1.42321 197.519491 3.477522 0.993680 -24.1630
ai 11.20169 0.38122 2.55863083 -0.106916 0.074594 1.0016
az -1.04017 -0.02018 0.596895379 0.007396 0.004753 —0.0505
as 3.87773 0.91600 4.1648973 0.173557 -0.157206 1.1365
as -0.04035 -0.00873 -0.038395514 -0.001881 0.004589 -0.0025
as 0.02708 0.00155 -0.0473268838 0.000360 0.001392 -0.0014
R2 0.729 0.961 0.876 0.997 0.9999 0.999
AdjR2 0.278 0.897 0.670 0.991 0.9997 0.998
MS 1200 4.65 609 0.0299 0.0522 1.25
Ipa
ao 0.594258 9.574522 267.605436 1.866399 -1.60699 -64.9306
ai 4.809957 0.498044 8.36171468 0.084739 -0.10417 0.5067
az —0.255645 -0.060496 —0.638252427 —0.008059 0.01042 -0.0328
as 4.601613 0.625549 1.28484848 0.185463 0.02281 3.6524
as -0.045933 -0.007460 -0.0100904145 -0.001862 0.00229 -0.0270
as -0.010598 0.002948 -0.0112605803 0.000223 0.00313 0.0098
R2 0.994 0.998 0.808 0.998 0.995 0.996
AdjR? 0.985 0.994 0.488 0.996 0.985 0.990
MS 37.3 0.657 58.8 0.0146 1.81 7.32
Ac
ao 70.65301 12.81055 118.067938 2.952643 -4.67227 -40.0304
ai 0.20370 0.85791 -0.0588491156 0.099109 0.07253 1.0719
az 0.06894 -0.05490 0.112060177 -0.008495 -0.01295 -0.0944
as 3.39488 0.77698 8.78690929 0.152746 0.22366 2.1093
as -0.03386 -0.00817 -0.0761885401 -0.001579 -0.00001 -0.0142
as -0.01468 0.00001 -0.0068130287 -0.000139 0.00312 0.0124
R2 0.999 0.973 0.997 0.999 0.999 0.996
AdjR? 0.997 0.928 0.993 0.997 0.997 0.990
MS 3.49 6.93 29.1 0.00826 0.178 4.06
Table 2 presents experimental design along with the results of individual experi-
ments.
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Table 2. Experimental plan and results of the C. palustre herb extraction process, considering coded

and actual values of independent variables.

X1 X2 Y1 Y2 Ys Ys Ys Ys
NFD phytol
yield yield
[min] [%v/v] [mg Tx/L][mmol Fe*/L] [mg Fe?*/L] [g GAE/L] [mg/kg] [mg/kg]

t VCASS  DPPH FRAP ChA TPC

Et
2 20 87 19 303 6 0 0
2 60 137 21 322 7 8 46
2 100 69 9 243 4 28 63
6 20 154 15 279 6 0 0
6 60 121 24 257 7 9 40
6 100 60 8 291 3 19 46
10 20 74 14 327 4 1 3
10 60 113 27 393 7 32
10 100 60 9 274 3 13 34
Ipa
2 20 85 20 306 6 0 0
2 60 112 21 309 7 25 57
2 100 12 -2 316 2 7 34
6 20 93 20 340 5 0 0
6 60 88 21 248 7 24 62
6 100 86 1 251 2 10 39
10 20 37 22 309 5 0 0
10 60 132 25 318 6 26 68
10 100 37 -1 110 2 10 40
Ac
2 20 125 30 273 6 0 0
2 60 153 29 298 7 9 37
2 100 68 11 365 3 22 35
6 20 127 27 355 5 0 0
6 60 149 33 267 7 9 45
6 100 68 12 341 3 20 39
10 20 131 29 262 7 0 0
10 60 226 36 395 6 7 28
10 100 55 10 236 2 13 43

X1—t: extraction time [min]; X2—VCASS: volumetric concentration of aqueous solvent solutions —
ethanol (Et), isopropanol (Ipa), and acetone (Ac) [% v/v]; Y1—DPPH: DPPH radical scavenging ac-
tivity [mg Tx/L]; Y2—FRAP: reduce Fe3* ions to Fe?* [mmol Fe?*/L]; Ys—ChA: chelating activity [mg
Fe?’/L]; Ya—TPC: total polyphenol content [g GAE/L]; Ys—NFD yield: neophytadiene yield [mg/kg];
Ys—phytol yield: phytol yield [mg/kg].

3.2. Effect of Solvent Concentration and Extraction Time

Table 3 presents the extreme values of independent variables (extraction time and
volume concentrations of aqueous solvent solutions: acetone, ethanol, and isopropanol)
and the corresponding response values— DPPH, FRAP, ChA, TPC, NFD yield, and phytol
yield —determined for the extraction process of C. palustre using ethanol, isopropanol, and
acetone as extractants.
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Table 3. Extreme values of independent variables and corresponding response values: DPPH,
FRAP, ChA, TPC, NFD yield, and phytol yield.

NFD  Phytol
Yield Yield
[mg/kgl [mg/kgl

DPPH FRAP ChA TPC
[mg Tx/L] [mmol Fe?/L] [mg Fe?/L] [g GAE/L]

Et
Time [min] 6 11 2 6 -11 7
VCASS [% v/v] 50 53 52 47 19 228
Extreme responses 152 25 315 7.2 -0.87 109
Ipa
Time [min] 8 5 6 6 6 18
VCASS [% v/v] 49 43 60 50 -9 71
Extreme responses 134 24 331 6.7 -2 69
Ac
Time [min] 4 8 2 5 =76 11
VCASS [% v/v] 49 47 58 48 —655 79
Extreme responses 155 35 371 6.9 -80 49

VCASS—volume concentration of an aqueous solution of a selected solvent: acetone (Ac), ethanol

(Et), and isopropanol (Ipa).

Table 3 presents the extreme values of the independent variables—extraction time
and the volume concentration of aqueous solvent solutions (VCASS) —together with the
corresponding response values obtained for the extraction of C. palustre using ethanol (Et),
isopropanol (Ipa), and acetone (Ac). The analyzed responses include antioxidant activity
indices (DPPH, FRAP, ChA), total polyphenol content (TPC), as well as neophytadiene
(NFD yield) and phytol yield. For each solvent, the extraction time (min) and VCASS (%
v/v) at which the extreme response values were observed are provided.

The responses did not follow a uniform trend across all parameters. For the antioxi-
dant and polyphenol responses (DPPH, FRAP, ChA, TPC), the function values exhibited
a non-monotonic behavior with clear maxima at approximately 50% v/v of Et, Ipa, and Ac.
In contrast, the lipophilic responses (NFD and phytol yield) showed a monotonic increase
with increasing solvent concentration, with the highest values occurring at the upper end
of the tested range. The results clearly confirm the significant influence of both the type of
solvent and the extraction conditions on the properties of the obtained extracts, which
emphasizes the need to adapt the process to the expected antioxidant activity, polyphenol
content, and extraction yield towards neophytadiene and phytol (strongly lipophilic com-
pounds with a log p value exceeding 7) (Table 3).

Figures 1-3 show changes in antioxidant activity (DPPH), Fe** to Fe? reduction ca-
pacity (FRAP), Fe?* ion chelating activity (ChA), total polyphenol content (TPC), neophyt-
adiene (NFD yield), and phytol (phytol yield) extraction efficiency depending on the sol-
vent used: ethanol, isopropanol, or acetone.

Negative predicted values (e.g., —0.87 mg/kg) result from the mathematical form of
the second-degree polynomial and do not represent physically meaningful extraction
yields. These values occur at the edges of the design space, where the response surface
loses physical interpretability.
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Figure 1. Effects of ethanol based on solvent extraction concentration and extraction time (constant pro-

cess parameters: raw material concentration 5 g/100 mL, extraction temperature 30 °C): (A): changes in
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antioxidant activity (DPPH); (B): changes in antioxidant activity (FRAP); (C): changes in chelating activity
(ChA); (D): changes in total polyphenol content (TPC); (E): changes in extraction yield relative to neo-
phytadiene (NFD yield); (F): changes in extraction yield relative to phytol (phytol yield).
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Figure 2. Effects of isopropanol based on solvent extraction concentration and extraction time (constant

process parameters: raw material concentration 5 g/100 mL, extraction temperature 30 °C): (A): changes
in antioxidant activity (DPPH); (B): changes in antioxidant activity (FRAP); (C): changes in chelating
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activity (ChA); (D): changes in total polyphenol content (TPC); (E): changes in extraction yield relative to
neophytadiene (NFD yield); (F): changes in extraction yield relative to phytol (phytol yield).
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Figure 3. Effects of acetone based on solvent extraction concentration and extraction time (constant

process parameters: raw material concentration 5 g/100 mL, extraction temperature 30 °C): (A):
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changes in antioxidant activity (DPPH); (B): changes in antioxidant activity (FRAP); (C): changes in
chelating activity (ChA); (D): changes in total polyphenol content (TPC); (E): changes in extraction
yield relative to neophytadiene (NFD yield); (F): changes in phytol extraction yield (phytol yield).

For the antioxidant and polyphenol parameters (DPPH, FRAP, ChA, and TPC), the
response surfaces exhibited a non-monotonic behavior, with clear maxima at moderate
solvent concentrations of approximately 50% v/v and an extraction time of 5 min. Depend-
ing on the solvent, the peak values exceeded 120 mg Tx/L for DPPH, 25 mmol Fe?/L for
FRAP, 330 mg Fe?/L for chelating activity, and 6 g GAE/L for TPC (Figures 1A-D, 2A-D
and 3A-D). These findings indicate that binary alcohol-water mixtures enhance the ex-
traction of polar antioxidant constituents due to improved solubility and diffusion of phe-
nolic compounds in partially aqueous media. In contrast, the extraction of the nonpolar
terpenoid neophytadiene (NFD) increased monotonically with solvent concentration.
Maximum NFD yields (>20 mg/kg) were recorded at the highest tested concentrations
(100% v/v) of ethanol, isopropanol, and acetone (Figures 1E, 2E and 3E; Table 3), and no
optimum was reached within the experimental range (20-100% v/v), consistent with its
hydrophobic nature. Phytol displayed an intermediate extraction pattern. For ethanol, the
response increased steadily throughout the tested range, suggesting that the optimum
likely lies beyond 100% v/v. For isopropanol and acetone, well-defined maxima were ob-
served at 69% v/v and 79% v/v, respectively (Figures 1F, 2F and 3F; Table 3). This behavior
reflects the amphiphilic character of phytol: its hydroxyl group enables favorable interac-
tions with limited amounts of water in the solvent mixture, which enhances solubility up
to a certain point. At very high alcohol concentrations these interactions weaken, leading
to declining or plateauing extraction efficiency. The solvent concentration was the domi-
nant factor governing extraction efficiency, whereas extraction time had only a minor im-
pact. Antioxidant-related responses (TPC, DPPH, FRAP, ChA) showed distinct maxima
at approximately 50% v/v, whereas lipophilic responses (NFD and phytol) increased with
rising solvent concentration or exhibited maxima at higher alcohol levels, depending on
the compound.

Comparison of extraction efficiency for the solvents used under the accepted optimal
conditions, i.e., solvent concentration (Et, Ipa, Ac) at 50% v/v and extraction time of 5 min,
for the parameters TPC, DPPH, and FRAP (Figure 4).

Figure 4 shows the extraction efficiency of isopropanol (Ipa), ethanol (Et), and ace-
tone (Ac) under the optimized conditions of 50% (v/v) solvent concentration and 5 min
extraction time. The results are presented for four analytical parameters: DPPH, FRAP,
total polyphenol content (TPC), and chelating activity (ChA). Acetone gave the highest
values for DPPH (155 + 7 mg Tx/L) and FRAP (34 + 3 mmol Fe?*/L). Ethanol yielded slightly
lower DPPH (151 + 7 mg Tx/L) and FRAP values (24 + 3 mmol Fe?*/L) but provided the
highest TPC (7.2 + 0.6 g GAE/L) and chelating activity (368 + 11 mg Fe?*/L). Isopropanol
showed the lowest results for all parameters, including DPPH (130 + 7 mg Tx/L), FRAP
(24 £ 3 mmol Fe?*/L), TPC (6.8 + 0.6 g GAE/L), and chelating activity (329 + 11 mg Fe?*/L).

3.3. Extraction Efficiency

Figure 5 shows the relationship between the total polyphenol content (TPC) and the
concentration of the extracted material for the solvents used in the extraction of C. palustre
(Et, Ipa, Ac).

Figure 5 shows the relationship between the total phenolic content (TPC) and the
amount of raw material for three solvents: ethanol, isopropanol, and acetone. An increase
in TPC is observed with increasing material concentration, but above 0.2 g/100 mL, the
rate of increase decreases, indicating that extraction equilibrium is approaching. The high-
est TPC values were obtained for ethanol (approx. 7 g GAE/L at 5 g/100 mL), lower for
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isopropanol (approx. 6 g GAE/L), and acetone (approx. 6.5 g GAE/L). The results confirm
the high efficiency of ethanol-water mixtures in the isolation of phenolic compounds [35].
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Figure 4. The effectiveness of extraction using solvents of isopropanol (Ipa), ethanol (Et), and ace-

tone (Ac) was compared under optimal conditions for the following parameters: (A) DPPH free
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radical scavenging ability (DPPH), (B) Fe?* ion reduction ability to Fe?* (FRAP), (C) total polyphenol
content (TPC), and (D) Fe? chelating activity (ChA); values represent mean + SD (n = 3).

8
® Acetone
e Ethanol
7 e IPA
D
6
°
5
=)
m]
3
o 4
O
=
3 .
2
1
0
0 10 20 30 40 50 60

Z[glt]
Figure 5. Dependence of TCP size for the solvents used as a function of the concentration of the

extracted material.

The values of the parameters of Equation (4) and the calculated maximum yield are
presented in Table 4.

Table 4. The values of the parameters of Equation (4) and the maximum extraction yields for TPC,

DPPH, FRAP, and ChA obtained using acetone, ethanol, and isopropanol.

Parameter Acetone Ethanol Isopropanol
TPCrmax [mmol/L] 7.6 7.8 7.6
K[L/g] 0.17 0.24 0.17
Unmax [mmol/g] 1.3 1.8 1.3
DPPHumax [mgTx/L] 50 50 50
K[L/g] 1.7 1.4 1.9
Unmax [mgTx/g] 85 70 95
* FRAPmax[mmol Fe?+/L] 847 288 19
K[L/g] 0.00071 0.0027 0.057
Unmax [mmol Fe?*/g] 0.60 0.78 1.08
ChAmax [mg Fe2*/L] 368 381 333
K[L/g] 227 1.26 1.6
Umax [mg Fe2/g] 835 480 533

* FRAPmax represents a theoretical model asymptote (Z — «) and does not correspond to a physically

attainable iron-reduction yield.

Table 4 presents the parameters of the mathematical model describing the TPC ex-
traction process, including the maximum polyphenol content in the extract (TPCyax), the
extraction equilibrium constant (K), and the maximum yield (Uy,ax). The variation in the
values of these parameters between solvents indicates a significant influence of their phys-
icochemical properties on the course of the process. The highest Uy,ax values obtained for
ethanol (1.8 g GAE/g) confirm its high efficiency per unit mass of raw material. The dif-
ferences in the values of the extraction equilibrium constant reflect the varying affinity of
polyphenols to the liquid phase, resulting from the physicochemical properties of the sol-
vents used. A low value of the equilibrium constant K (as observed for acetone) indicates
low extraction efficiency at low raw-material concentrations, despite the solvent’s high
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total extraction capacity. This behavior is typical for complex phytochemical matrices.
Higher K values for ethanol indicate its greater ability to solubilize phenolic compounds
compared to isopropanol and acetone, which correlates with their polarity and ability to
form hydrogen bonds [35]. Table 4 also includes parameters of the model describing the
extraction of compounds responsible for free radical scavenging activity, as determined
by the DPPH assay. The high U,y values obtained for isopropanol (95 mg Tx/g) suggest
that, despite its lower total polyphenol content, this solvent promotes the isolation of com-
pounds capable of reducing the DPPH free radical. Higher equilibrium constant (K) val-
ues for isopropanol (1.9 L/g) compared to ethanol (1.4 L/g) and acetone (1.7 L/g) further
confirm its greater ability to solubilize compounds responsible for antioxidant activity
(Table 4) [36]. The FRAP .« values shown in Table 4 correspond to the limiting values for
Z —- > . The value of 847 mmol Fe?/L represents a theoretical asymptote of the fitted
saturation curve and cannot be interpreted as an experimentally achievable FRAP value.
The optimization studies included an analysis of the effect of solvent concentration and
extraction time at the technically highest possible concentration of raw material Z =50 g/L.
The value of 847 mmol Fe?*/L is a parameter of the equilibrium equation, which allows the
degree of extraction towards a given parameter, e.g., FRAP activity, to be determined. It
should be emphasized that the FRAPmax value of 847 mmol/L obtained from the fitted
model does not represent an experimentally achievable concentration. This value corre-
sponds to the theoretical asymptote of the saturation-type equation (Equation (5)) for Z
— oo In practice, FRAP measurements are performed on diluted extracts, and the maxi-
mum experimentally observed values (e.g., ca. 35 mmol Fe?*/L at 50 g/L, Figure 6) remain
fully consistent with the stoichiometric limit imposed by the 0.02 M FeCls reagent concen-
tration used in the assay. Therefore, FRAPmax should be interpreted strictly as a mathe-
matical parameter describing curve shape, not as a physically attainable extraction yield.
Table 4 therefore provides model parameters describing the extraction of compounds re-
sponsible for reduction activity measured by the FRAP method. The highest FRAP .« val-
ues were obtained for ethanol, which indicates its high efficiency in extracting compounds
capable of reducing Fe?* ions. The observed differences between solvents reflect the dif-
ferent affinities of these compounds to the liquid phase. The model parameters show good
agreement with the experimental data, which confirms the reliability of the process de-
scription used. The highest ChA .« values were obtained for acetone, confirming its high
efficiency in extracting compounds responsible for chelating Fe?* ions. The observed dif-
ferences between solvents reflect the different affinities of these compounds to the liquid
phase. The model parameters show good agreement with the experimental data, which
confirms the reliability of the process description used (Table 4).

Table 5 summarizes the extraction degrees obtained for TPC, DPPH, FRAP, and ChA
enabling a comparison of the effectiveness of the solvents used.

Table 5. TPC, DPPH, FRAP, and ChA extraction rate.

Z [g/L] Extraction Degree [%]
TPC
Ethanol Acetone Isopropanol
5 37 48 46
10 31 40 44
20 18 23 23
50 7 10 11
DPPH
Ethanol Acetone Isopropanol
5 13 11 9
10 7 5 5
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20 3
50 1 1 1
FRAP
Ethanol Acetone Isopropanol
5 100 97 95
10 87 87 61
20 76 100 47
50 100 89 27
ChA
Ethanol Acetone Isopropanol
5 8.1 14 11
10 42 7.5 5.9
20 2.1 3.8 3.0
50 0.9 1.5 1.2

A clear trend is observed in all assays: as the amount of raw material increases, the
percentage extraction decreases. This effect results from the limited solvent capacity and
progressive saturation of the liquid phase, a phenomenon typical of liquid-solid extrac-
tion processes and relevant for process optimization. The highest extraction degrees were
obtained at the lowest concentration of plant material (0.5 g/100 mL), indicating more ef-
ficient utilization of the solvent. The values presented in Table 5 also provide insight into
the extraction of compounds responsible for free radical scavenging activity (DPPH). The
extraction degree for these compounds was markedly lower than for TPC—at 5 g/L, it
reached only 11% (acetone), 13% (ethanol), and 9% (isopropanol), and decreased to ap-
proximately 1% for all solvents at 50 g/L. This rapid decline confirms the fast saturation
of the solvent with the DPPH-active fraction and indicates that these compounds repre-
sent a distinct chemical group, not directly corresponding to the total polyphenol content.
Table 5 further shows the extraction degree of compounds responsible for reducing Fe®
ions (FRAP). In extracts obtained using ethanol and acetone, the values indicate nearly
complete extraction within the entire concentration range studied. Thus, although the
model may generate values exceeding physically achievable limits, these results should
be interpreted as representing approximately 100% extraction. The decrease in extraction
at higher concentrations results from solvent saturation with reducing compounds, while
the very low values for isopropanol confirm its limited ability to extract Fe** reducing
constituents. Based on the same dataset, the extraction degree of Fe? chelating com-
pounds (ChA) was also determined. The highest values were obtained for acetone and
isopropanol extracts, indicating their high efficiency throughout the studied concentration
range. As in other cases, the reduced efficiency at the highest concentrations of plant ma-
terial is most likely associated with saturation of the solvent with chelating compounds.

Figure 6 shows the relationship between the FRAP parameter values for the solvents
used as a function of the concentration of the extracted material.

Figure 6 shows the relationship between the reducing capacity of C. palustre extracts,
determined using the FRAP method, and the concentration of plant material. With an in-
crease in the amount of raw material, a systematic increase in FRAP values is observed,
especially for acetone and ethanol extracts, where the use of 50% solutions of these sol-
vents causes an almost linear increase in the parameter. This indicates the high efficiency
of the extraction of compounds capable of reducing Fe?* ions to Fe?. The lower values
obtained for 50% isopropanol and the non-linear nature of the relationship (in accordance
with Equation (4)) indicate limited extraction of compounds with reducing properties.
The convergence of the FRAP trend with the DPPH test results confirms the multi-mech-
anism nature of the antioxidant activity of polyphenols present in C. palustre. In the case
of extraction assessed by the FRAP method, the use of 50% acetone and ethanol solutions
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causes a linear increase in the parameter value, while for isopropanol a nonlinear relation-
ship is observed, described by Equation (4) [36].
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Figure 6. Dependence of the FRAP parameter value for the solvents used as a function of the con-

centration of the extracted material.

Figure 7 shows the correlation between antioxidant activity (DPPH) and the concen-
tration of the extracted material for the solvents: ethanol, isopropanol, and acetone used
for the extraction of C. palustre.
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Figure 7. Dependence of DPPH value for the solvents used as a function of the concentration of the

extracted material.

Figure 7 shows the relationship between DPPH free radical scavenging capacity (mg
Tx/L) and the concentration of C. palustre raw material used for extraction with different
solvents. As the amount of material increases, antioxidant activity increases, reaching a
plateau at concentrations above approximately 20 mg Tx/L. The highest antioxidant activ-
ity values were obtained for acetone extracts (approx. 52 mg Tx/L), slightly lower for eth-
anol and isopropanol (approx. 50 mg Tx/L). However, the degree of extraction (Table 5) is
lower than in the case of TPC, which indicates that the activity assessed by the DPPH test
is determined by a specific fraction of compounds with a high DPPH radical reduction
capacity, rather than by the total polyphenol content. The lack of a linear correlation
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between TPC and DPPH suggests selective extraction of compounds with high antioxi-
dant potential, rather than uniform release of the entire pool of polyphenols [37].

Figure 8 shows the dependence of the ChA parameter value for the solvents used as
a function of the concentration of the extracted material.
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Figure 8. Dependence of the ChA parameter value for the solvents used as a function of the concen-

tration of the extracted material.

Figure 8 shows the relationship between the chelating activity (ChA) of C. palustre
extracts and the concentration of plant material used in the extraction process. For all sol-
vents, an increase in raw material concentration results in a rapid rise in ChA values, fol-
lowed by a clear tendency toward saturation. The highest ChA values are observed for
acetone extracts, followed by ethanol, while isopropanol shows the lowest extraction effi-
ciency of compounds capable of binding Fe?* ions. The asymptotic character of the curves
indicates that the extraction of chelating components approaches equilibrium as the sol-
vent becomes saturated with active compounds (Figure 8).

4. Discussion

Comparison of the effectiveness of extraction using solvents —ethanol (Et), isopropa-
nol (Ipa), and acetone (Ac)—under optimal conditions (Et, Ipa, and Ac concentration at
50% v/v and extraction time of 5 min), for the DPPH, FRAP, TPC, and ChA parameters,
showed significant differences in the antioxidant activity of the extracts obtained from C.
palustre. The highest DPPH and FRAP values were recorded for extraction using acetone
as the extractant. In turn, the use of ethanol made it possible to obtain extracts character-
ized by the highest total polyphenol content (TPC), which confirms its high efficiency in
isolating this group of compounds (Figures 1A-D, 2A-D and 3A-D) [38,39]. The obtained
regression models are descriptive of the experimental data and can support preliminary
optimization within the tested conditions; however, due to the lack of center-point repli-
cates, their predictive performance beyond the experimental region cannot be confirmed
(Table 1). The implications of the results indicate that the use of predictive models enables
the design of extraction processes in a more efficient manner, reducing costs and operation
time, and allows the parameters to be adjusted to obtain extracts with a specific bioactive
profile. Furthermore, the ability to predict the isolation efficiency of lipophilic and hydro-
philic compounds opens up prospects for applications in the food, cosmetics, and phar-
maceutical industries, where products with high antioxidant activity and stability are re-
quired (Table 1). Analysis of extreme values and response surfaces indicates that the main
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factor determining the effectiveness of C. palustre extraction is the concentration of the
solvent. For antioxidant parameters (DPPH, FRAP, ChA) and total polyphenol content
(TPC), optimal conditions include moderate concentrations of ethanol, isopropanol, or ac-
etone (approx. 50% v/v) and a short extraction time (approx. 5 min), which allows for the
highest antioxidant activity and polyphenol content values (Figures 1A-D, 2A-D and 3A-
D. The high Fe? chelating capacity of C. palustre extracts (>330 mg Fe?/L) is consistent
with findings for Rubus matsumuranus [13], whose leaves also show strong antioxidant
and chelating activity. This effect has been attributed primarily to phenolic compounds—
especially ellagitannins, gallotannins, and flavonoids (quercetin and kaempferol deriva-
tives, catechin, epicatechin), which effectively form complexes with Fe?* ions. In R. matsu-
muranus, these compounds also determine overall antioxidant capacity, combining both
radical-scavenging and metal-chelating mechanisms. Seasonal studies further indicate
that the content of key phenolics varies with plant development: gallic acid derivatives
peak in May, catechins and flavonols during flowering in July, and ellagitannins (e.g.,
lambertianin C, sangwina H6) also reach maximum levels at this stage, followed by in-
creased ellagic acid during fruiting due to tannin hydrolysis. These patterns support the
conclusion that the composition of phenolic compounds strongly influences the chelating
behavior observed in C. palustre extracts [13].

The mathematical model parameters (TPCmax, K, Umax) confirm clear solvent-depend-
ent selectivity in the extraction of phenolic compounds. Ethanol exhibited the highest Umax
(0.76 mmol/g) and the highest equilibrium constant K, indicating its superior ability to
solubilize a broad spectrum of phenolics compared to isopropanol and acetone (Table 4).
As the amount of C. palustre increased, the percentage extraction of TPC dropped mark-
edly —from 48%, 37%, and 46% at 5 g/L to 10%, 7%, and 11% at 50 g/L —reflecting solvent
saturation and diffusion limitations (Table 5). This pattern is consistent with literature
showing that medium-polarity alcohol-water mixtures are most effective for phenolic ex-
traction [35]. TPC increased with raw-material concentration for all solvents but plateaued
above 0.2 g/100 mL, confirming extraction equilibrium (Figure 5), a trend widely reported
for phenolic systems [40]. Ethanol produced the highest TPC (7 g GAE/L), followed by
isopropanol and acetone, supporting previous findings that ethanol-water mixtures ex-
tract diverse phenolic subclasses with high efficiency [35]. In contrast, DPPH activity
reached a plateau above 20 g/L, with acetone showing the highest values (52 mg Tx/L)
(Figure 7). The low extraction degree for DPPH compared to TPC (Table 5) suggests that
radical-scavenging activity depends on a specific phenolic fraction rather than total poly-
phenol content, consistent with earlier studies on selective extraction of highly active phe-
nolics [28]. Isopropanol showed a higher Umax in the DPPH test (95 mg Tx/g) and the high-
est K value (1.9 L/g), indicating enhanced solubilization of redox-active compounds de-
spite its lower TPC—an effect also observed in optimized extraction studies [28]. FRAP
values increased with solvent concentration and were highest for acetone and ethanol,
indicating efficient extraction of Fe* reducing compounds (Figure 6). The convergence of
FRAP and DPPH trends demonstrates that antioxidant activity in C. palustre is governed
by selective enrichment of compounds with strong reducing potential rather than by total
polyphenol levels [41]. The results clearly demonstrate solvent selectivity in extracting
Fe?* reducing and antioxidant compounds. Ethanol produced the highest FRAP 4 values,
while ethanol and acetone showed consistently high extraction efficiency across all con-
centration ranges, confirming earlier observations for C. palustre [28]. The reduced effi-
ciency at higher solid loadings reflects solvent saturation. Literature consistently indicates
that extraction yield strongly influences TPC, TFC, and antioxidant activity (DPPH,
FRAP) [41,42]. Importantly, these relationships are non-linear: increases in TPC do not
always proportionally enhance radical-scavenging activity because different phenolic
subclasses contribute unequally to the DPPH mechanism [41]. Our results for R.
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matsumuranus are consistent with this non-linearity. Studies on N. leucophylla further con-
firm that solvent polarity determines the bioactive profile of extracts. Methanol (a highly
polar solvent) yielded the highest TPC, TFC, DPPH, and FRAP values, whereas less polar
chloroform and hexane produced significantly weaker extraction of phenolics [41]. Extrac-
tion technique also modulates selectivity: Soxhlet enhanced TPC and FRAP due to contin-
uous warm solvent flow, while ultrasound-assisted extraction favored flavonoid release
(higher TFC), illustrating the differential sensitivity of compound classes to mass-transfer
intensification. For nonpolar compounds such as neophytadiene (NFD) and phytol, our
models correctly predicted maximum yields at 100% organic solvent. Both compounds
have very high log p values (phytol ~8; NFD ~9), indicating strong lipophilicity and poor
solubility in aqueous mixtures. Therefore, only pure organic solvents can effectively dis-
solve and extract them. Similar patterns have been documented in optimized extraction
of lipophilic terpenoids from A. atropilosus, where ultrasound-assisted extraction com-
bined with RSM enabled high yields of hydrophobic compounds such as [3-sitosterol and
lupeol [43]. These findings corroborate the mechanistic rationale behind our model pre-
dictions for NFD and phytol.

Studies on the Geraniaceae family show that many species possess strong antibacte-
rial, antifungal, and immunomodulatory properties linked to terpene-rich volatile frac-
tions, particularly neophytadiene and phytol. GC-MS profiles consistently indicate high
phytol abundance in extracts from Geranium sanguineum (17.8%), G. robertianum (19.3%),
and G. pyrenaicum (10.4%). Other species such as G. palustre and G. columbinum also con-
tain notable amounts of phytol (9.9-29.5%) and neophytadiene (8.9-10.5%), despite differ-
ences in dominant terpene classes. Even in G. [ucidum, where sesquiterpenes prevail, phy-
tol remains a major contributor to the bioactive profile, supporting the cosmetic and anti-
oxidant potential of these extracts [44—46]. For lipophilic compounds such as neophytadi-
ene and phytol, our results confirm a monotonic increase in extraction yield with increas-
ing solvent concentration, consistent with their high log p values. Maximum responses
occur above 60% v/v, and for neophytadiene even beyond the tested range (>100% v/v).
Phytol shows local maxima at 69-79% v/v (isopropanol, acetone), likely due to the slight
solubility-enhancing effect of limited water content. These patterns highlight the need to
tailor extraction conditions depending on whether the goal is high antioxidant activity
(TPC, DPPH) or efficient isolation of lipophilic terpenoids (Figures 1E,F, 2E,F and 3E,F).
Similar relationships were observed by Luo et al. [47], who identified phytol and neophyt-
adiene as key components in methanol and chloroform extracts of Meyna laxiflora. Their
presence contributed to marked antioxidant activity, with the methanol extract showing
48.88% = 0.60 DPPH inhibition at 1 pg/mL and a low ICso of 31.60 pug/mL —values compa-
rable to ascorbic acid [48]. The antioxidant potential is consistent with known properties
of phytol, which effectively scavenges reactive oxygen species and protects lipids from
peroxidation [49,50].

Neophytadiene also exhibits anti-inflammatory and antioxidant activity, further en-
hancing the overall protective potential of the extracts [45,46]. In C. palustre, the presence
of neophytadiene and phytol is particularly valuable for cosmetic applications, as both
terpenoids counteract oxidative-stress-induced skin aging and show antibacterial effects.
Their activity suggests that these compounds largely determine the biological value of the
raw material and support its use in protective and regenerative cosmetic formulations
[47,51]. Similar observations were reported by Shaikha et al. [52], who identified high lev-
els of neophytadiene (11.02%) and phytol (6.0%) in methanol extracts of Coffea simplicifolia.
These terpenoids contributed substantially to the extract’s antioxidant capacity, with
DPPH scavenging activity increasing from 46.18% RSA at 20 ug/mL to 85.05% RSA at 100
ug/mL [52]. This strong activity reflects the synergistic action of phytochemicals, among
which terpenoids play a central role [53,54].
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5. Study Limitations

It should be noted that the experimental design did not include replicated center
points, which prevented the estimation of pure experimental error and made the calcula-
tion of the Lack-of-Fit (LoF) statistic impossible. As a consequence, the mean square error
(MS) in all ANOVA tables represents only the residual variance of the fitted model and
cannot be interpreted as pure error. Therefore, the regression models should be consid-
ered descriptive of the experimental data rather than fully predictive within the design
space. This limitation also indicates the potential risk of over-modeling and emphasizes
the necessity of additional center-point replicates in future studies to validate model ro-
bustness and predictive reliability. The FRAPmax parameter obtained from the model is a
mathematical projection and exceeds the stoichiometric capacity of the FRAP reagent. It
should therefore be treated only as a curve-fitting parameter rather than a physically
achievable maximum. The RSM polynomial model can generate non-physical negative
values outside the optimal range, so it should not be extrapolated to boundary conditions.

6. Conclusions

The extraction of C. palustre was optimized using Response Surface Methodology
(RSM) to evaluate the effects of solvent concentration and extraction time on antioxidant
activity (DPPH, FRAP, ChA), total phenolic content (TPC), and the yields of the lipophilic
terpenoids neophytadiene (NFD) and phytol. Solvent concentration was the dominant
factor influencing all analytical parameters.

Across all assays, solvent effectiveness followed the order: Acetone > Ethanol > Iso-
propanol. Acetone produced the highest FRAP values and the strongest DPPH activity.
Ethanol resulted in the greatest TPC values, intermediate FRAP activity, and the highest
ChA, whereas isopropanol was consistently the least effective solvent.

Extraction behavior of lipophilic terpenoids aligned with their physicochemical
properties. Yields of both NFD and phytol increased with solvent concentration, reflecting
their high log p values. NFD required neat (100%) organic solvent, as its extraction was
limited by the presence of water. Phytol reached maximum yields above 60% v/v solvent,
consistent with limited water interactions due to its hydroxyl group. GC-MS analysis con-
firmed the presence of both terpenoids in optimized extracts, indicating potential biolog-
ical relevance. Literature describing their antioxidants and antibacterial activities suggests
the possible use of C. palustre extracts in cosmetic applications.

Given the extract’s antioxidant capacity, high polyphenolic content, and terpenoid
profile, further research is needed to evaluate topical applicability. Future work should
include ex vivo skin penetration studies of active ingredients through the skin using the
ex vivo method and quantitative analysis of individual phenolic acids using the HPLC
technique.

Future research should include replicated center points to enable proper Lack-of-Fit
evaluation.
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