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Abstract:

Natural products serve as an important source of bioactive compounds with significant
applications in various fields of science. Among these, polyphenols are particularly
noteworthy due to their antimicrobial and antioxidant properties and role in capturing
free radicals. This study quantitatively determined the total phenolic content in plant
extracts prepared using two distinct extraction methods: supercritical carbon dioxide
(5C-CO») and water-ethanol maceration. The Folin-Ciocalteu method was employed
for quantitative analysis, with results expressed as gallic acid equivalents per kilogram
of plant material. The findings demonstrated that water-ethanol extracts consistently
contained higher levels of phenolic compounds compared to SC-CO, extracts across all
analyzed samples. For instance, rosemary extracts prepared with water-ethanol had the
highest phenolic content, while thyme and marigold showed lower values. In contrast,
SC-CO; extracts yielded significantly lower phenolic concentrations, likely due to the
selective extraction of lipophilic compounds. Variations in phenolic content were
attributed to factors such as sample polarity, plant type, and environmental conditions.
These results highlight the importance of selecting appropriate extraction methods
based on the desired application. Water-ethanol maceration proved superior for
obtaining extracts rich in phenolic compounds, making it suitable for applications
requiring high antioxidant activity. This study underscores the potential of plant-
derived polyphenols as natural, "green" bioactive ingredients for diverse scientific and
therapeutic purposes.

Keywords: Plant; Supercritical carbon dioxide; Water-ethanol, Extracts; Polyphenols,
Biologically active compounds; Medicine
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1. Introduction

Phenols and their derivatives, including polyphenols, are a prominent group of secondary
metabolites found in plants (Figure 1) (Cowan, 1999; Daglia, 2012). Polyphenols are
characterized by the presence of one or more hydroxyl groups attached to a benzene ring,
and their production is closely linked to plant growth and responses to biotic or abiotic
stress. These compounds exhibit a wide range of biological activities, such as anti-
inflammatory, anti-infective, antiproliferative, antimicrobial, and antioxidant effects
(Luna-Guevara et al., 2018; Othman et al., 2019).

Polyphenols are particularly known for their antioxidant properties, as they scavenge and
neutralize free radicals, thereby reducing or preventing oxidative cell damage, including
oxidative DNA degradation (Jeran et al., 2021; Nisca et al., 2021). Due to their diverse
biological effects, polyphenols have found applications as potential active pharmaceutical
ingredients and are widely used in the textile, food, and cosmetics industries
(Albuquerque et al., 2021).

In addition, plant and its derived polyphenols, have long been used to treat infections due
to their antimicrobial properties. The antimicrobial efficacy of polyphenols is directly
influenced by their specific composition and the extraction method used. For instance,
methanol extracts of rosemary have demonstrated stronger antimicrobial activity against
Gram-positive and Gram-negative bacteria, as well as yeasts, compared to water extracts
(Moreno et al., 2006). Similarly, the antimicrobial effects of ginger extracts are attributed
primarily to phenolic compounds such as eugenol, shogaols, zingerone, gingerdiols, and
gingerols. Since these compounds are insoluble in water, organic ginger extracts tend to
exhibit greater antimicrobial activity (Beristain-Bauza et al., 2019).

In thyme, the antibacterial activity of its extracts correlates with their total phenolic
content, with key components such as thymol, carvacrol, and eugenol demonstrating
antimicrobial efficacy in both planktonic and biofilm forms of pathogens (Mokhtari et al.,
2023; Walsh et al., 2019). The choice of organic solvent also significantly impacts the
extraction of antimicrobial compounds. For example, methanol extracts of Calendula
officinalis L. showed larger zones of inhibition against several clinical bacterial pathogens
compared to ethanol extracts. However, ethanol extracts demonstrated higher activity
against specific Gram-positive bacteria such as Staphylococcus aureus and Enterococcus
faecalis (Efstratiou et al., 2012).

Additionally, plant-derived polyphenols have shown synergistic effects when combined
with conventional antimicrobial agents, leading to enhanced activity against clinical
pathogens (Manso et al., 2021). For instance, phenolic compounds from Mangifera indica L.
seeds significantly reduced the minimum inhibitory concentration (MIC) of penicillin G
against Methicillin-Resistant Staphylococcus aureus (MRSA) (Jiamboonsri et al., 2011).
Similarly, polyphenols from Cuspidaria convoluta, when combined with Ampicillin and
Gentamicin, exhibited increased antimicrobial activity against Staphylococcus aureus,
Escherichia coli, and Pseudomonas aeruginosa (Torres et al., 2019).

In the context of rising antimicrobial resistance, these findings highlight the potential of
plant-based polyphenols as promising agents for combating multidrug-resistant bacterial
infections (Ahmed et al., 2024). Moving forward, plant-derived extracts could play an
essential role in developing innovative antimicrobial therapies.
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Figure 1. Types of polyphenols.
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Due to the extraordinary properties of polyphenols and their versatile applications,
especially in the fields of nutrition, pharmacy and medicine, their content in different
samples of plant material was investigated in the present experimental work. The work
was carried out with samples prepared using two different isolation techniques — water-
ethanol extraction and supercritical carbon dioxide extraction. The quantitative
determination of the total phenolic content was used to investigate which of the extraction
techniques used has a greater yield in leaching the total phenolic compounds. These
findings will thus contribute to the development and progress of this highly
interdisciplinary field of science. Throughout the work we will use the following model
extracts: ginger, calendula, thyme and rosemary.

2. Selected plants

Calendula, rosemary, common thyme and ginger are traditionally used as home remedies
both internally and externally.

Calendula (Calendula officinalis), also known as pot marigold has been cultivated since
ancient times and has a long tradition of use as a medicinal plant (Kemper, 1999). The most
important active ingredients of marigold are terpenoids such as triterpenoids (faradiol
esters), polyphenols (phenolic acids and flavonoids), carotenoids and polysaccharides. The
European Medicines Agency (EMA) recognizes calendula as a traditional herbal medicinal
product for the treatment of mild inflammation of the mouth and throat and mild
inflammation of the skin as well as to support the healing of minor wounds (European
Medicines Agency, 2018).

Rosemary (Rosmarinus officinalis) is an aromatic herbal plant known for its high essential
oil content. It is rich in terpenes, phenolic compounds, terpenoids and other
phytochemicals. These are bioactive substances with specific antibacterial and antioxidant
effects (Shankar et al., 2024). It is traditionally used to treat dyspepsia and cramp-like
gastrointestinal disorders. Externally, it is used in remedies to treat mild muscle and joint
pain as well as mild circulatory disorders (European Medicines Agency, 2011).

Common thyme (Thymus vulgaris) main active ingredient is the essential oil, of which the
thymol it contains is responsible for its antiseptic and antimicrobial effect. It also contains
flavonoids, phenolic acids, triterpenes and other compounds (Lee et al., 2005). Thyme is
traditionally used to treat respiratory diseases such as bronchitis, coughs or inflammation
of the upper respiratory tract. The thymol contained in the extract has antiseptic and
antimicrobial effects (Sakkas & Papadopoulou, 2017).

Ginger (Zingiber officinale) has long been used in traditional Chinese medicine for its
versatile therapeutic properties, especially its strong anti-inflammatory effect. The main
source of the characteristic ginger aroma is the essential oil and non-volatile pungent
chemicals. The rhizome contains the main active components, namely gingerols, shogaols,
zingerone and gingerdiol (Gupta et al., 2025). Ginger extracts are traditionally used in
herbal remedies to prevent nausea and vomiting, mild stomach cramps, flatulence, coughs
and sore throats (European Medicines Agency, 2012). The gingerols in ginger have
antioxidant and antimicrobial effects. Studies have shown an effect against cardiovascular
diseases (Mao et al, 2019). Ginger extract can also be used externally in massage
preparations to improve blood circulation and thus help to relieve tension (Polasa &
Nirmala, 2003).

3. Methods

3.1. Samples — Isolates from plant material
The isolates (Table 1) with supercritical carbon dioxide were prepared by Flavex
Naturextrakte GmbH (Germany), the water-ethanol extracts by Epo S.r.1. (Italy).
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Table 1. Selected plant material for the experimental work.

Plant

Method of isolation Part of the Origin

plant (country)

Calendula

Supercritical carbon dioxid Flowers Egypt

Water-ethanol extract Flowers Egypt

Rosemary

Supercritical carbon dioxide  Leaves Spain

Water-ethanol extract Leaves Italy

Thymus

Supercritical carbon dioxide = Leaves Spain

Water-ethanol extract Leaves Italy

Ginger

Supercritical carbon dioxide ~ Rhizome Nigeria

Water-ethanol extract Rhizome Italy

1.2

nm
Juy

0.8
0.6
04
0.2

Absorbance at 760

3.2.  Determination of total phenolic content in plant samples

The content of total phenolic compounds in plant samples was determined according to
the method of Jeran et al. (2023) and Zhang et al. (2010). The Folin-Ciocalteu reagent was
used for the quantitative determination and the absorbance was measured by UV/Vis
spectroscopy. Aliquots of the samples (2.5 uL) were mixed with 10-fold diluted Folin-
Ciocalteu reagent (2 M, Sigma Aldrich, St. Louis, MO, USA) (12.5 puL) and 10 pL of 7.5%
aqueous sodium carbonate solution (ACS reagent >299.5%, Sigma-Aldrich, Taufkirchen,
Germany). The mixture was allowed to stand for 30 minutes in a dark place at room
temperature. Then the absorbance at 760 nm was determined spectrophotometrically
using Nanodrop One C (Thermo Scientific, Waltham, MA, USA). Ultra-pure water and 70
% ethanol solution served as a blank. The calibration curve (Figure 2) was generated with
gallic acid standard solutions at concentrations of 2 — 90 ug/mL. The curve was treated as
a linear function with the equation: y = 0.0129x + 0.0586, and the R? value of the line was
0.9959. The results were expressed as amount of gallic acid per plant weight. Each sample
measurement was performed in triplicate and the average value was calculated, with the
error bars presented in bar graphs.

20

40 60 80 100

Concentration of gallic acid [ug/mL]

Figure 2. Calibration curve for determining the total phenolic content in plant material.

4. Results

The total phenolic content was analysed using the Folin-Ciocalteu reagent and by
measuring the absorbance at 760 nm. The total phenolic content of the analyzed plant
samples, comparing the two evaluated extraction methods, is presented in Figure 3.
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Figure 3. Total
dioxide extract

phenolic content of the (a): analyzed plant material in water — ethanol extract and (b): suprecritical carbon

The comparison of the two extraction methods —water-ethanol and supercritical carbon
dioxide (SC-COz)—reveals important insights into the efficiency and selectivity of each
method in extracting phenolic compounds from different plants.

For water-ethanol extracts, rosemary showed the highest total phenolic content, with a
result of 19.25 + 0.55 mg gallic acid/kg dry plant material. This high value indicates that
rosemary contains a significant amount of phenolic compounds that are efficiently
extracted using water-ethanol, which is known for its ability to solubilize polar
compounds. Ginger followed with 14.34 + 0.55 mg/kg, showing a slightly lower but still
substantial phenolic content, with minimal variability, suggesting consistent extraction.
Calendula and thyme, however, showed lower phenolic contents of 10.54 + 0.22 mg/kg and
9.03 + 0.11 mg/kg, respectively. While these values are lower, they still demonstrate that
both plants contain polyphenols, though the concentration is inherently lower compared
to rosemary and ginger. The relatively small errors in these values indicate that the method
of analysis for these plants was precise, suggesting consistent results.
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In contrast, the SC-CO2 extracts yielded much lower total phenolic content across all plant
samples. Rosemary still had the highest total phenolic content in the SC-CO2 extracts, with
a result of 0.44 + 0.02 mg/kg, which is significantly lower than its water-ethanol extract.
This dramatic reduction in phenolic extraction highlights that SC-CO: is less effective for
polar compounds as it primarily extracts non-polar substances such as terpenes and
essential oils. Ginger exhibited 0.11 + 0.001 mg/kg, which is much lower than the water-
ethanol extract, suggesting that SC-CO: cannot efficiently extract the polyphenolic
compounds from ginger either. Similarly, thyme and marigold showed even lower values
of 0.07 £ 0.001 mg/kg and 0.04 + 0.006 mg/kg, respectively. These results suggest that both
plants have significantly lower phenolic contents when extracted with SC-COg, further
reinforcing the idea that this method is ineffective for extracting polar phenolic
compounds.

In addition, the lower errors in the SC-CO: isolates indicate that the analytical
determination was more consistent, but the phenolic content simply could not be
effectively detected.

8. Discussion and Conclusion

Recent research has increasingly focused on natural, "green" active ingredients for a wide
range of scientific and therapeutic applications because plants possess the ability to
synthesize numerous bioactive compounds. Among these, polyphenols stand out as
compounds with significant antioxidant potential due to their chemical structure,
characterized by one or more hydroxyl groups attached to a benzene ring. This structure
not only enhances their free radical scavenging ability but also imparts a stronger acidic
character compared to other alcohol groups, underlying their antioxidant properties (Jeran
et al., 2021). Furthermore, Nisca et al. (2021) demonstrated a strong correlation between
the total polyphenolic content and antioxidant activity, with higher polyphenolic
concentrations leading to stronger antioxidant effects.

The difference between the two methods arises from the contrasting solubility properties
of the solvents used. Water-ethanol, a polar solvent system, is highly effective at extracting
polar compounds like polyphenols, which are abundant in plant tissues. In contrast, SC-
COz, a non-polar solvent, excels at extracting lipophilic compounds such as terpenes and
oils but is less effective for polar compounds. Consequently, water-ethanol extraction is
better suited for obtaining phenolic-rich extracts, making it the preferred method for
applications requiring high phenolic content, such as antioxidant and antimicrobial
activity or nutraceutical production.

For applications requiring samples rich in antioxidants or phenolic compounds, the
findings clearly indicate that water-ethanol maceration is the preferred extraction method.
These results further emphasize the value of optimizing extraction techniques to harness
the full potential of plant-derived polyphenols for use in research, healthcare, and other
applications.
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