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Abstract

In the search for natural compounds with skin-relevant biological activity, the leaves
from three species of the Geraniaceae family (Geranium phaeum, Geranium sanguineum, and
Geranium macrorrhizum) were investigated. The study combined phytochemical characteri-
sation with a broad evaluation of biological activity. The bioactivity of the tested extracts
was assessed using antioxidant assays (DPPH, ABTS, and CUPRAC), metal-chelating tests,
and inhibition assays of hyaluronidase, elastase, and tyrosinase. In addition, antimicrobial
activity was evaluated against selected Gram-positive and Gram-negative bacteria and
Candida spp., while cytocompatibility was assessed using HaCaT keratinocytes and HFF-1
fibroblasts. To support the interpretation of the observed biological effects, qualitative phy-
tochemical profiling of the extracts was performed by LC-MS; selected compounds were
quantified by HPLC; and total polyphenol and flavonoid contents (TPC and TFC) were
determined. Overall, the extracts exhibited notable antioxidant, antimicrobial, and enzyme-
inhibitory activities, while maintaining good cytocompatibility at lower concentrations.
Among the tested species, G. sanguineum and G. macrorrhizum showed the most pronounced
overall activity, likely associated with their high polyphenol content. These results indicate
that selected Geraniaceae species represent promising sources of bioactive compounds
with combined antioxidant, antimicrobial, and skin-compatible properties, supporting their
further investigation in skin-relevant in vitro and formulation-oriented studies.

Keywords: Geranium leaves; plant extracts; antioxidant activity; skin-related enzyme inhibition;
antimicrobial activity; cytocompatibility

1. Introduction

Plant-derived materials are widely recognised as valuable sources of bioactive com-
pounds relevant to both medicinal and cosmetic skin applications [1]. Owing to their
structural diversity, natural origin, and long history of use, plant secondary metabolites are
considered promising candidates for the management of chronic, multifactorial disorders,
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including inflammatory skin diseases [2]. In particular, phenolic compounds, such as
flavonoids, tannins, and phenolic acids, are known to exert antioxidant, anti-inflammatory,
antimicrobial, and enzyme-modulating effects, all of which are highly relevant to skin
homeostasis and pathology [3,4].

Inflammatory skin disorders develop through overlapping mechanisms rather than a
single pathological pathway. Oxidative stress, persistent inflammatory responses, altered
extracellular matrix turnover, and elevated activity of enzymes such as hyaluronidase,
elastase, and tyrosinase all contribute to skin damage and disease progression [5]. In partic-
ular, excessive ROS formation may aggravate inflammation, impair the epidermal barrier,
and accelerate the degradation of the skin’s structural components. At the same time,
hydrolytic and matrix-degrading enzymes may further disturb tissue integrity and delay
repair [6]. In this context, plant extracts with combined antioxidant, enzyme-inhibitory, and
antimicrobial properties represent an interesting subject for skin-relevant in vitro screening
and may provide a basis for further studies on topical formulation development [7].

The family Geraniaceae, which includes seven accepted genera and more than
800 species, is distributed mainly in temperate and subtropical regions. Geranium is the
largest genus in this family, comprising about 350 species [8]. The name Geranium derives
from the characteristic fruit shape, which resembles the beak of a crane [9].

The three species investigated in this study differ in their botanical characteristics and
distribution. Geranium phaeum L. is a perennial species native to Europe, occurring mainly
in forests and moist meadows. It forms clumps with branched stems, lobed leaves, and
characteristic dark purple-brown flowers [10]. Geranium sanguineum L. is a perennial species
distributed from Europe to the Caucasus. It has creeping, hairy stems, deeply divided
leaves, and purple flowers; its leaves may turn reddish in autumn, which is reflected in its
common name [11]. Geranium macrorrhizum L. is a thizomatous, semi-evergreen perennial
native to Central and South-Eastern Europe and Western Turkey. It is characterised by
aromatic, deeply lobed leaves and pink-to-purple flowers with dark-red calyces [12]. The
investigated plant species are shown in Figure 1.
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Figure 1. Investigated Geranium species: (a) Geranium phaeum L.; (b) Geranium sanguineum L.;

(c) Geranium macrorrhizum L. Source: authors” own photographs taken at the AMU Botanical Garden
in Poznan.

Species of the genus Geranium have traditionally been used for their astringent and
soothing effects, often prepared as decoctions or rinses for inflammatory conditions of
mucous membranes and various skin ailments in ethnomedicine across Europe, particu-
larly in the Balkans. G. sanguineum (GS) is specifically documented as a traditional remedy,
with its tannin-rich extracts used for their astringent, anti-inflammatory, and antimicrobial
effects [13,14]. While G. macrorrhizum (GM) also has a long history of medicinal use in the
Balkan region, where it is valued as an aromatic and therapeutic plant, ethnobotanical
sources associate it with applications for gastrointestinal discomfort, wound care and gen-
eral tonic effects, consistent with its rich sesquiterpene and phenolic profile. Notably, the
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literature shows considerable variation in essential oil composition and phenolic content,
influenced by environmental factors, and this variability appears to affect antioxidant
potential [15]. Although G. phaeum (GP) is less frequently described in the ethnomedical
literature, reviews of the genus indicate that Geranium species broadly share traditional
uses linked to their content of flavonoids, proanthocyanidins and tannins, supporting
their historical application as astringent and anti-inflammatory agents [16]. Neverthe-
less, despite increasing interest in the genus as a whole, integrated phytochemical and
biological evaluations remain limited for GP, GS, and GM, particularly in the context of
skin-relevant applications.

In this study, leaves of GP, GS, and GM were investigated for their phytochemical
composition and skin-related biological activity. To provide a phytochemical context, total
polyphenol content (TPC) and total flavonoid content (TFC) were determined, qualita-
tive profiling was performed by LC-MS, and selected compounds were quantified by
HPLC. The extracts were also evaluated for antioxidant activity using DPPH, ABTS, and
CUPRAC assays, metal-chelating capacity towards Fe?* and Cu®* ions, and inhibition of
hyaluronidase, elastase, and tyrosinase.

2. Results and Discussion

2.1. Phytochemical Characterisation of Geranium Species Extracts
2.1.1. Total Polyphenol Content (TPC) and Total Flavonoid Content (TFC)

Determining the polyphenol and flavonoid content in the tested leaf extracts re-
vealed differences depending on both Geranium species and the type of solvent/extraction
used. The highest polyphenol content was found in the 70% methanol extract from GM
leaves (102.65 + 3.16 mg GAE/g extract) and the 70% methanol extract from GS leaves
(102.10 £ 0.75 mg GAE/g extract). The amount of polyphenols in the other extracts ranged
between 31.94 £ 0.61 mg GAE/g extract and 92.26 & 1.49 mg GAE/g extract for the aque-
ous extract at 100 °C from GP leaves and the aqueous extract at 50 °C from GS leaves,
respectively (Figure 2).
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Figure 2. Total polyphenol content in the tested samples, expressed as mg gallic acid equivalent per
gram of dry extract [mg GAE/g extract]. GP—G. phaeum, GS—G. sanguineum, GM—G. macrorrhizum.
Different letters indicate significant differences between groups (p < 0.05, one-way ANOVA followed
by Tukey post hoc test).

The results of the study suggest that the significant content in the tested raw materials
is probably due to their polyphenolic structure. The existing literature confirms this
conclusion [16]. In a study conducted by Ili¢ et al., methanol extracts from the aerial parts
of Geraniums were also characterised by a very high content of polyphenolic compounds.

https:/ /doi.org/10.3390/molecules31142406


https://doi.org/10.3390/molecules31142406

Molecules 2026, 31, 2406

4 of 34

Similarly to our research, GS and GM contained the highest levels of polyphenols, while
GP contained significantly lower levels. These were: 547.38 & 5.83 mg GAE/g extract,
523.96 & 2.28 mg GAE/g extract, and 170.64 & 1.08 mg GAE/g extract for extracts from
GS, GM, and GP leaves, respectively.

The results obtained by Radulovi¢ et al. were closer to ours, with the methanol extract
from GM leaves containing 160.2 £ 3.1 mg GAE/g dry weight of the raw material [17].

The highest amount of flavonoids was found in the aqueous extract at 100 °C from
GS leaves (42.66 £ 0.29 mg QE/g extract), followed by the 70% methanol extract from the
leaves of the same plant (40.56 = 0.90 mg QE/g extract) and the 70% methanol extract
from GM leaves (40.45 £ 0.59 mg QE/g extract) (Figure 3). The flavonoid content in the
other extracts ranged between 8.74 &+ 0.41 mg QE/g extract and 35.83 £ 0.56 mg QE/g
extract for the 100 °C aqueous extract from GP leaves and the 50 °C aqueous extract from
GS leaves, respectively. The results of this analysis indicated that flavonoids accounted
for a high proportion of the polyphenols in the tested raw materials. According to a study
conducted by Radulovi¢ et al., the methanol extract from GM leaves was characterised
by a flavonoid content of 44.9 £ 1.1 mg catechin/g dry weight of the raw material [17].
However, according to a study by Sharopov et al., the methanol extract from GM leaves
contained 49.0 mg QE/g [18].
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Figure 3. Total flavonoid content in the tested samples, expressed as mg quercetin equivalent per
gram of dry extract [mg QE/g of extract]. GP—G. phaeum, GS—G. sanguineum, GM—G. macrorrhizum.
Different letters indicate significant differences between groups (p < 0.05, one-way ANOVA followed
by Tukey post hoc test).

2.1.2. LC-MS Analysis

Analysis of leaf extracts from GP, GS, and GM using LC-MS/MS revealed some
differences in the qualitative profile of phenolic metabolites. The extracts were rich in
organic acids, gallic acid derivatives, hydrolysable tannins and flavonoids. These results
are consistent with previous reports indicating that plants of the genus Geranium are rich
sources of polyphenolic compounds [16,19].

At the same time, detailed LC-MS/MS profiling demonstrated species-specific differ-
ences in metabolite complexity that have not always been described at the qualitative level.
These compositional differences may underlie the variability in biological activity observed
among the tested extracts.

Extracts of GP were characterised by a predominance of organic acids and C-glycosyl
flavonoids, including apigenin-6,8-di-C-glucoside, vitexin, and isovitexin. While flavonoids
in Geranium species are well documented, available studies predominantly report flavonol
aglycones and their O-glycosides, whereas detailed data on C-glycosyl flavonoids in GP
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leaves remain limited, and their co-occurrence with numerous phenolic acid derivatives has
been rarely reported [20]. Moreover, the detection of cyanidin 3-O-(caffeoyl)-sambubioside
is noteworthy, as the available literature on anthocyanins in GP is scarce, and the occurrence
of such acylated anthocyanins has not been widely reported for this species. The LC-MS

chromatograms of GP extracts are presented in Figure 4.
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Figure 4. LC-MS chromatograms of three extracts from Geranium phaeum (GP): (a) GP-H,O (100 °C)
extract, (b) GP-H,O (50 °C) extract, and (c) GP-70% MeOH (50 °C) extract. Peak numbers correspond
to tentatively identified compounds listed in Supplementary Materials Table S1.

The phenolic profile of GS was dominated by hydrolysable tannins and ellagitannins,
including geraniin, which is in agreement with previous studies describing this species as
particularly rich in tannin-type polyphenols [21]. Brevifolincarboxylic acid was also identi-
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fied in the extract as a metabolite of geraniin. However, the present study demonstrated the
simultaneous presence of flavonoid glycosides, including rutin and quercetin derivatives,
in the same plant material. Such a combination of polyphenolic classes likely contributes
to a broad spectrum of biological activities, including antioxidant, anti-inflammatory, and
antiviral effects, as reported for GS extracts [22,23]. The LC-MS chromatograms of GS
extracts are presented in Figure 5.
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Figure 5. LC-MS chromatograms of three extracts from Geranium sanguineum (GS): (a) GS-H,O
(100 °C) extract, (b) GS-H;O (50 °C) extract, and (c) GS-70% MeOH (50 °C) extract. Peak numbers
correspond to tentatively identified compounds listed in Supplementary Materials Table S2.

Among the analysed species, GM exhibited the most complex phenolic profile. The
examined extracts comprise hydrolysable tannins (e.g., corilagin, tellimagrandin I), quinic
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acid derivatives, and flavonoids. The presence of chlorogenic acid was also confirmed,
which is consistent with earlier reports on the chemical composition of this species [24].
Compared to GP and GS, GM showed higher phytochemical complexity. Notably, chloro-
genic and neochlorogenic acids were detected exclusively in GM extracts and were absent
in the other investigated species. This observation suggests that these compounds may
have value as species-associated markers for GM; however, their chemotaxonomic sig-
nificance requires confirmation in broader studies, including a larger number of samples
and populations, as well as related Geranium species. The LC-MS chromatograms of GM
extracts are presented in Figure 6. MS/MS product ion spectra of Geranium sp. extracts are
included in the Supplementary Materials (Tables S1-S3 and Figures 51-S3).
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Figure 6. LC-MS chromatograms of three extracts from Geranium macrorrhizum (GM): (a) GM-H,O
(100 °C) extract, (b) GM-H,0 (50 °C) extract, and (c) GM-70% MeOH (50 °C) extract. Peak numbers
correspond to tentatively identified compounds listed in Supplementary Materials Table S3.
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From a biological perspective, the identified compounds, particularly hydrolysable
tannins, flavonoids, and hydroxycinnamic acid derivatives, are widely associated with
strong antioxidant, antimicrobial, and anti-inflammatory activities [16,25,26]. Their co-
occurrence within the analysed extracts suggests the possibility of synergistic biological
effects, which may partially explain the pronounced bioactivity reported for Geranium
species in various in vitro and cell-based models.

In summary, the present results confirm previous reports on the phenolic composition
of Geranium species, provide new qualitative insights into the polyphenolic profile of GP,
and highlight the high metabolomic complexity of GM. Comparative analysis revealed a
progressive increase in metabolomic complexity from GP, through GS, to GM, which may
be relevant for chemotaxonomic and biological studies.

2.1.3. Standardisation of the Extract Using High-Performance Liquid Chromatography (HPLC)

To complement the qualitative LC-MS/MS profiling, selected marker compounds
were further quantified by HPLC-DAD. The tested extracts from Geranium leaves were
subjected to HPLC-DAD analysis, and the contents of four compounds were determined:
neochlorogenic acid, chlorogenic acid, gallic acid, and rutin (Table 1). Representative
chromatograms of the analysed extracts and references are provided in the Supplementary
Materials as Supplementary Figures 54-516.

Table 1. Content of selected active compounds in extracts from the leaves of three species of Geranium.

Detected Amount [mg/g of Extract]

Extract

Neochlorogenic Acid Chlorogenic Acid Gallic Acid Rutin
GP-H,0 (100 °C) nd nd 1.41 £0.03 nd
GP-H,0 (50 °C) nd nd 2.83 +0.01 nd
GP-70% MeOH (50 °C) nd nd 1.84 £0.11 nd
GS-H,O (100 °C) nd nd 6.13 £ 0.29 13.96 =+ 0.29
GS-H,0 (50 °C) nd nd 21.26 +0.18 10.75 £1.91
GS-70% MeOH (50 °C) nd nd 1.45 £ 0.03 419 +0.24
GM-H,O0 (100 °C) 491 +0.11 9.38 + 0.04 499 +0.01 2.89 + 0.05
GM-H,O (50 °C) 3.84 +0.07 11.17 £0.28 8.74 £0.25 2.59 + 0.09
GM-70% MeOH (50 °C) nd nd 1.63 £ 0.00 12.31 £ 0.06

GP—G. phaeum, GS—G. sanguineum, GM—G. macrorrhizum; nd—not detected.

The results confirmed the presence of gallic acid in all tested extracts, with its con-
tent ranging between 1.41 £+ 0.03 mg/g extract and 21.26 £ 0.18 mg/g extract for the
aqueous extract at 100 °C from GP leaves and for the aqueous extract at 50 °C from GS
leaves, respectively.

In addition, chlorogenic acid was detected in the extracts, with contents of
9.38 £ 0.04 mg/g extract and 11.17 & 0.28 mg/ g extract for GM-H,O (100 °C) and GM-H,0
(50 °C), respectively. These extracts also contained neochlorogenic acid (4.91 £ 0.11 mg/g
extract and 3.84 £ 0.07 mg/g extract for GM-H,O (100 °C) and GM-H;0 (50 °C), respec-
tively). Chlorogenic and neochlorogenic acids were not detected in any of the other extracts
tested. However, rutin was a flavonoid present in GS and GM extracts but not detected in
GP extracts. The amount of the substance varied with the type of extract tested, ranging
from 2.59 £ 0.09 mg/g extract to 13.96 & 0.29 mg/g extract for the aqueous extract at 50 °C
from GM leaves and at 100 °C from GS leaves, respectively. These results are consistent with
the LC-MS/MS data and further confirm species- and extraction-dependent differences in
phenolic composition. In particular, chlorogenic and neochlorogenic acids were detected
only in the aqueous GM extracts, whereas they were not detected in GM-70% MeOH or in
the other extracts analysed.
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In a study by Kremer et al., the rutin content in a methanolic extract of GM herb was
reported as 1.116 & 0.003% (m/m) of dry raw material [27]. Previous studies by Sharopov
et al. and Miliauskas et al. confirmed the presence of gallic acid as a major polyphenol [18].
Similarly, Leucuta et al. reported the presence of rutin in GS herb [28].

It should be noted that the observed phytochemical differences reflected both species-
related variability and extraction-dependent metabolite recovery. For example, the highest
total polyphenol contents were found in the 70% methanol extracts of GM and GS, indi-
cating that hydroalcoholic extraction favoured the recovery of total phenolics from these
species. In contrast, the highest flavonoid content was observed in GS-H,O (100 °C),
followed by GS-70% MeOH and GM-70% MeOH, showing that the recovery of different
phenolic groups did not follow a single extraction pattern. Moreover, chlorogenic and
neochlorogenic acids were detected only in the aqueous GM extracts, not in GM-70%
MeOH, further confirming that individual metabolites may respond differently to solvent
type and extraction temperature. These observations indicate that the chemical profiles
cannot be interpreted as exclusively species-specific, but rather as the result of both plant
species and extraction conditions. Therefore, the relationships between chemical composi-
tion and biological activity should be considered preliminary. A more precise interpretation
would require targeted quantitative LC-MS/MS analysis of major metabolites, combined
with biostatistical correlation analyses and further evaluation of the activity of selected
compounds or fractions.

2.2. Biological Activity of Geranium Species Extracts
2.2.1. Antioxidant Activity of Geranium Species Extracts

Five different in vitro methods were used to determine the antioxidant activity of
extracts from the leaves of the tested Geranium species. Since excess free radicals contribute
to the initiation and maintenance of inflammation, antioxidant compounds reduce the
severity of inflammatory processes [29,30]. The ability to remove free radicals indicates
the tested substance’s anti-inflammatory potential. The type of reaction that initiates
inflammation is the so-called ‘oxidative burst’, which occurs in various cells of the body [31].
The use of various methods allowed for a comprehensive assessment of the properties of
the tested extracts.

Anti-Radical Activity of Geranium Species Extracts

The IC5p parameter was used to express the results of the DPPH analysis, with a lower
value corresponding to greater activity of the tested extract. All extracts from GS and
GM leaves were characterised by similar, strong antioxidant activity, and the determined
activity ranged from IC5p = 0.06 & 0.00 mg/mL to IC5p = 0.10 &= 0.00 mg/mL (for the
70% methanol extract from GM leaves and the aqueous extract at 50 °C from GS leaves,
respectively). The observed activity of the Geranium leaf extracts was stronger than that of
Trolox, the standard (IC5p = 0.11 £ 0.01 mg/mL). The extracts that showed lower activity
than Trolox were those obtained from GP leaves and ranged from ICsp = 0.26 £ 0.04 mg/mL
to IC59 = 0.60 £ 0.01 mg/mL (for the 70% methanol extract and the aqueous extract at
100 °C, respectively; Figure 7a). The strong antioxidant activity has also been observed
by other authors. A study conducted by Sharopov et al. showed that the ICsy value for
the methanol extract from GM leaves was 14.1 ug/mL [18], while in a study by Radulovié
et al., the oxidative activity of the methanol extract from GM leaves, expressed as Trolox
equivalents, was 178.7 & 1.8 mg TE/g extract [17]. In turn, an analysis of the 80% methanol
extract from GS aerial parts by Nikolova et al. determined the ICs( to be 11.95 pug/mL [32].
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Figure 7. Antiradical activity of Geranium sp. extracts: (a) DPPH radical scavenging activity; (b) ABTS
radical scavenging activity (GP—G. phaeum, GS—G. sanguineum, GM—G. macrorrhizum). Different
letters indicate significant differences between groups (p < 0.05, one-way ANOVA followed by Tukey
post hoc test).

Similar to the DPPH test, extracts from GS and GM leaves showed similar and
strong antioxidant activity (ICsp from 0.04 &+ 0.00 mg/mL, IC5yp = 0.07 = 0.01 mg/mL
for 70% methanol extract from GM leaves and for aqueous extract at 50 °C from GS leaves,
respectively). The observed activity was greater than that of the standard (Trolox ICs:
0.07 £ 0.01 mg/mL). The lowest activity, several times lower than that of the reference
substance, was exhibited by extracts from GP leaves. The activity of those extracts ranged
from IC5p = 0.33 £ 0.06 mg/mL to 0.75 £ 0.11 mg/mL for the 70% methanol extract from
GP and for the aqueous extract at 100 °C from GP, respectively (Figure 7b). The high ability
to scavenge the ABTS cation radical has already been reported by Sharopov et al. The
team’s results indicated that the IC5p of the ABTS assay for the methanol extract of GM
leaves was 21.2 ug/mL [18]. Meanwhile, a study by Radulovi¢ et al. demonstrated the
strong antioxidant potential of the methanol extract of GM leaves (323.3 + 1.2 mg TE/g) in
the ABTS assay [17].

Chelation Power of Geranium Species Extracts

Metal ions have many functions in living organisms. The ability to chelate Fe?* and
Cu?* affects antioxidant properties because they facilitate the production of reactive oxygen
species [33]. Therefore, our research included an assessment of the ability of the tested
extracts to chelate these metal ions. The analyses showed that most of the tested extracts
exhibited a high ability to chelate Fe?* (ICsq from 0.22 4- 0.03 mg/mL to 1.15 4 0.02 mg/mL
for the aqueous extract at 100 °C from GP leaves and for the aqueous extract at 50 °C from
GS leaves, respectively, Figure 8a) higher than the reference substance belonging to the
group of flavonoid compounds—quercetin (IC5p = 1.41 £ 0.03 mg/mL). The literature
indicates that flavonoids have chelating properties, which enable them to interact with
transition metals to catalyse electron transport and promote free radical scavenging [34,35].

Another experiment determined copper chelating properties. The most potent extract
was the 70% methanol extract from GS leaves (IC5y = 0.02 & 0.01 mg/mL), and all ex-
tracts obtained from GM leaves, whose activity ranged between ICsp = 0.02 & 0.00 mg/mL
and ICsp = 0.03 £ 0.00 mg/mL, for the 70% methanol extract from GM leaves and
for the water extract at 50 °C from GM leaves, respectively. The above extracts were
characterised by a higher chelating capacity than the reference substance (quercetin;
IC59 = 0.11 £ 0.02 mg/mL). The activity of the remaining extracts from Geranium leaves
ranged between ICsy = 0.14 4 0.00 mg/mL and IC5p = 0.97 £ 0.01 mg/mL for the aqueous
extract at 100 °C from GS leaves and for the aqueous extract at 100 °C from GP leaves,
respectively (Figure 8b).
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Figure 8. Chelating capacities of Geranium sp. extracts: (a) Fe?" chelating capacities; (b) Cu?* chelating
capacities. GP—G. phaeum, GS—G. sanguineum, GM—G. macrorrhizum. Different letters indicate
significant differences between groups (p < 0.05, one-way ANOVA followed by Tukey post hoc test).

The above studies on the ability to chelate iron and copper ions have not been previ-
ously conducted for the species studied. For comparison, a study by Jemia et al. reported
that a methanol extract from Geranium robertianum showed an iron-chelating ability of
approximately 20% [36].

The metal-chelating results did not fully parallel the radical-scavenging assays, indi-
cating that this activity may depend on additional structural features of the extracts. In
particular, the relatively strong Fe?*-chelating activity of GP extracts, despite their lower
TPC, TFC, and quantified phenolic marker content, suggests that compounds other than
the selected HPLC markers may be involved. Organic acids and other polar constituents
detected in GP by LC-MS/MS may contribute to metal-binding properties. In contrast,
the strong Cu?*-chelating activity of GS and GM extracts was more consistent with their
high polyphenol content and the presence of flavonoids, tannins, and hydroxycinnamic
acid derivatives. Therefore, the chelating activity appears to be partly species- and assay-
dependent and should not be interpreted solely on the basis of total phenolic content or the
four quantified marker compounds.

Reducing Power of Geranium Species Extracts

The reducing power of plant extracts reflects their ability to donate electrons to
oxidants, an important mechanism of antioxidant action that helps mitigate oxidative
stress-induced damage in biological systems. Methods based on metal-ion reduction, such
as the CUPRAC assay, quantify this electron-transfer capacity by measuring the reduc-
tion of Cu?* complexes and are widely used to assess total antioxidant capacity under
conditions that are closer to physiological pH than some other assays [37,38].

As in the two previous analyses, the results showed the highest activity across
all GS and GM leaf extracts. These values were similar to the activity of Trolox
(ICp5 =0.05 £ 0.00 mg/mL) and ranged between ICy5 = 0.06 £ 0.00 mg/mL and
ICys5 = 0.33 £ 0.06 mg/mL for the aqueous extract at 100 °C from GS leaves and for
the 70% methanol extract from GM leaves, respectively. Extracts from GP leaves again
showed several times lower activity (ICy 5 from 0.14 =+ 0.01 mg/mL for the 70% methanol
extract to 0.26 £ 0.02 mg/mL for the aqueous extract at 100 °C; Figure 9).

The antioxidant potential was also confirmed by the CUPRAC method of Radulovié
et al. for the methanol extract of GM leaves, which amounted to 466.0 &+ 4.1 mg TE/g
extract [17].
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Figure 9. Reducing the power of Geranium sp. extracts. GP—G. phaeum, GS—G. sanguineum, GM—G.
macrorrhizum. Different letters indicate significant differences between groups (p < 0.05, one-way

ANOVA followed by Tukey post hoc test).

The studies conducted indicate that extracts from G. sanguineum and G. macrorrhizum
exhibit the strongest antioxidant potential, whereas G. phaeum shows lower activity. This
may be related to the lower polyphenol content (TPC and TFC). Moreover, the weaker
antioxidant response of G. phaeum may be related to the lower contribution of highly
hydroxylated phenolics and tannin-type constituents, which are important redox-active,
electron-donating compounds [39]. In contrast, the high activity of G. sanguineum extracts
may be associated with their high polyphenol content and the presence of gallic acid and
rutin, particularly in the aqueous extracts, as both compounds are known to contribute to
radical-scavenging and reducing activity [40,41]. In G. macrorrhizum, the strong antioxidant
activity of the aqueous extracts may be additionally supported by the presence of chloro-
genic and neochlorogenic acids, which were detected only in this species and belong to
caffeoylquinic acid derivatives with well-documented antioxidant potential [42]. However,
the antioxidant potential cannot be attributed exclusively to the quantified HPLC markers,
as the activity of the extracts most likely reflects the combined contribution of phenolic
acids, flavonoids, hydrolysable tannins and other LC-MS-detected constituents.

Overall, extracts with higher levels of polyphenolic compounds exhibited greater
reducing power than those with lower levels, a trend observed across the antioxidant
assays. Studies conducted by Radulovi¢ et al. and Sharopov et al. on methanol extract from
GM and methanol extract and essential oils from GM, respectively, showed a relationship
between polyphenol content and antioxidant activity [17,18]. Similar relationships have
also been reported for other natural raw materials.

2.2.2. Enzyme Inhibitory Activity of Geranium Species Extracts
Hyaluronidase Inhibitory Activity of Geranium Species Extracts

Hyaluronidases are common enzymes involved in inflammatory processes, among
other functions. Scientific data suggest that inflammation may be associated with the
conversion of hyaluronic acid into short-chain fragments [43].

The results of the studies showed that all tested extracts exhibited greater enzyme-
inhibitory capacity than the known hyaluronidase inhibitor (3-escin (ICs5p = 4.80 £ 0.03 mg/mL).
The most active was the 70% methanol extract from GS leaves (ICs5p = 1.02 &= 0.00 mg/mL), and
both aqueous extracts from GM leaves were also highly effective (ICsyp = 1.79 £ 0.06 mg/mL
and 1.50 £ 0.09 mg/mL for GM-H,O (100 °C) and GM-H,O (50 °C) extracts, respectively).
The activity of the other extracts ranged from 1.98 &+ 0.22 mg/mL to 3.04 £ 0.03 mg/mL
for GS-H,O (100 °C) and GP-H,O (50 °C), respectively (Figure 10).
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Figure 10. Hyaluronidase inhibition by Geranium sp. extracts. GP—G. phaeum, GS—G. sanguineum,
GM—G. macrorrhizum. Different letters indicate significant differences between groups (p < 0.05,
one-way ANOVA followed by Tukey post hoc test).

Based on an analysis by Sklirou et al., an extract from GM (whole plant, including
roots) at a concentration of 300 ug/mL inhibited hyaluronidase activity by 51.09% [44].

The hyaluronidase-inhibiting activity also appeared to reflect both the overall phenolic
richness and the qualitative profile of polyphenols in the extracts. The strongest activity of
GS-70% MeOH and the high activity of GM extracts are consistent with their LC-MS/MS
profiles, which revealed tannin-type constituents, flavonoid glycosides and, particularly
in GM, hydroxycinnamic acid derivatives. Although rutin, gallic acid, and chlorogenic
acid derivatives may contribute to the observed activity, the higher potency of some
extracts cannot be explained solely by the quantified markers. This suggests that tannin-
type constituents, together with other qualitatively detected polyphenols, may play an
important role in hyaluronidase inhibition.

Elastase Inhibitory Activity of Geranium Species Extracts

Elastase is responsible for the mechanical properties of connective tissue and plays
a key role in inflammatory processes [45]. In the elastase inhibition study, only three
of the tested extracts showed sufficient activity to determine their IC5y values. The
70% methanol extract from GP leaves proved to be an extract with exceptionally high activ-
ity (ICs5p = 0.43 £ 0.07 mg/mL). The ICs5y value was approximately 4.5-fold lower than that
of quercetin, indicating stronger elastase-inhibiting activity (ICsp = 1.95 4+ 0.13 mg/mL).
The other extracts for which it was possible to determine the IC5y parameter were both
aqueous extracts from GM leaves (IC5q 4.42 £ 0.07 mg/mL, 4.08 & 0.12 mg/mL for GM-
H,O (100 °C) and GM-H,O (50 °C) extracts, respectively (Figure 11). The other extracts
tested did not exceed 50% inhibition of elastase activity at the highest concentration tested
(5 mg/mL) and ranged from 16.43 £ 1.92% to 46.82 + 2.26% for the aqueous extract from
GP leaves at 100 °C and from GS leaves at 50 °C, respectively (Table 2). The strong elastase-
inhibiting activity of the GP-70% MeOH extract is particularly relevant because it did not
follow the same pattern as total phenolic content or the quantified HPLC markers. This
suggests the possible involvement of less abundant or more specific constituents detected
in the LC-MS/MS profile, including C-glycosyl flavonoids, acylated anthocyanins or other
phenolic acid derivatives. However, because the present study used crude extracts, this
relationship should be considered preliminary. Further bioactivity-guided fractionation,
isolation, and biological testing of individual fractions or purified constituents are needed
to identify the compounds responsible for the observed elastase inhibition.
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Figure 11. Elastase inhibition by Geranium sp. extracts. GP—G. phaeum, GS—G. sanguineum, GM—G.
macrorrhizum. ICsy > 5 mg/mL indicates that 50% inhibition was not reached within the tested
concentration range. Different letters indicate significant differences between groups (p < 0.05,
one-way ANOVA followed by Tukey post hoc test).

Table 2. Elastase inhibition capacity (%) of Geranium sp. extracts at concentrations of 5.0, 0.05, and
0.005 mg/mL.

Elastase Inhibition Capacity [%]
Extract [mg/mL] 5.00 0.05 0.005

GP-H,0 (100 °C) 16.43 +£1.928 7.42 +1.01¢ na.
GP-H,0 (50 °C) 29.63 +2.23 1 13.93 + 0.72 A 1.85 + 0.06 b
GP-70% MeOH (50 °C) 79.20 + 1.50 2 14.46 + 357 ¢ 492 +1.43P
GS-H,0 (100 °C) 4559 +1.154 21.14 + 0.732b 15.95 + 0.912
GS-H,0 (50 °C) 46.82 +2.26 4 21.78 +2.78 2 13.68 £+ 2.06 2
GS-70% MeOH (50 °C) 37.43 +2.06 ¢ 15.53 + 1.06 < 1.81 £0.19 b
GM-H,0 (100 °C) 53.34 + 1.66 © 1841 +1.822bc 284 +336bc
GM-H,O0 (50 °C) 58.75 + 1.62 b 13.38 + 4.11 4 0.14 +2.07°¢
GM-70% MeOH (50 °C) 26.33 + 1531 851+ 1.169° n.a.

GP—G. phaeum, GS—G. sanguineum, GM—G. macrorrhizum; n.a.—not active at the tested concentration. Different
letters indicate significant differences between groups (p < 0.05, one-way ANOVA followed by Tukey post
hoc test).

According to studies conducted by Sklirou et al., the whole-plant extract (GM) at a
concentration of 300 ug/mL exhibited enzyme inhibition of 46.64% [44]. The difference in
the degree of inhibition may result from the method of extraction (the comparative study
used pressurised liquid extraction), but also from the type of raw material used. The whole
plant, including the roots, was used to obtain the extract.

Tyrosinase Inhibitory Activity of Geranium Species Extracts

Another enzyme that affects skin function is tyrosinase. It plays a number of roles,
including epidermal pigmentation, wound healing and primary immune response [46—48].

The results of the studies showed that the tested extracts were less effective than
the reference substance, azelaic acid (ICsy = 3.84 &+ 0.63 mg/mL). Only four of the tested
extracts showed activity sufficient to determine their ICsy values. These values were:
IC50 =4.06 £ 0.29 mg/mL, IC59 = 4.25 &+ 0.11 mg/mL, IC5yp = 4.63 £ 0.12 mg/mL and
IC50 = 4.73 £ 0.10 mg/mL for the GP-70% MeOH (50 °C), GM-H,O (100 °C), GM-H,O
(50 °C) and GP-H,O (50 °C), respectively (Figure 12). The activity of the other extracts
at a concentration of 5 mg/mL ranged between 32.54 £ 4.56% and 47.86 £ 0.99% for
the 70% methanol extract from GS leaves and the 70% methanol extract from GM leaves,
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respectively. In addition, the aqueous extract of GP at 100 °C showed no activity at any of
the concentrations tested. The results are presented in Table 3.
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Figure 12. Tyrosinase inhibition of Geranium sp. extracts. GP—G. phaeum, GS—G. sanguineum,
GM—G. macrorrhizum. IC5p > 5 mg/mL indicates that 50% inhibition was not reached within the
tested concentration range. Different letters indicate significant differences between groups (p < 0.05,
one-way ANOVA followed by Tukey post hoc test).

Table 3. Tyrosinase inhibition capacity (%) of Geranium sp. extracts at concentrations of 5.00, 1.25,
and 0.32 mg/mL.

Tyrosinase Inhibition Capacity [%]

Extract [mg/mL]

5.00 1.25 0.32
GP-H,0 (100 °C) n.m. 18.78 4+ 4.66 ¥P< 1228 +7.902
GP-H,O0 (50 °C) 53.69 + 1.08 @b 2.59 +3.604 n.a.
GP-70% MeOH (50 °C) 60.57 + 4.02 2 21.34 +2.352b 1225+ 5.792
GS-H,0 (100 °C) 37.08 +3.20 de 18.94 + 0.212Pc (.88 +1.40b<¢
GS-H,0 (50 °C) 32.54 +4.56¢ 12.98 4+ 0.85 ¢ n.a.
GS-70% MeOH (50 °C) 40.97 + 1.84 <4 2478 +1.132 6.18 £ 0.75 abc
GM-H,0 (100 °C) 57.90 +1.102 19.03 +£ 1.872bc 3,62 +2.10 2P
GM-H,0 (50 °C) 53.49 + 1.39 2b 17.34 + 1.23 b 6.75 + 1.8 @b«
GM-70% MeOH (50 °C) 47.86 + 0.99 be 25.58 +2.69 2 10.89 + 0.84 &P

GP—G. phaeum, GS—G. sanguineum, GM—G. macrorrhizum; n.a.—not active at the tested concentration; n.m.—not
marked at this concentration. Different letters indicate significant differences between groups (p < 0.05, one-way
ANOVA followed by Tukey post hoc test).

According to studies by Ozer et al., the ethanol extract of the aerial parts of GS
exhibited enzyme inhibition at 26.37 = 1.06% [49].

In contrast to the antioxidant assays, tyrosinase inhibition did not show a simple
relationship with the content of gallic acid, rutin, or chlorogenic acid derivatives. The
highest activity was observed for GP-70% MeOH and GP-H,O (50 °C), although GP extracts
contained only low amounts of the quantified markers. This suggests that other constituents
of GP, including C-glycosyl flavonoids, acylated anthocyanins or other phenolic acid
derivatives detected by LC-MS/MS, may be more relevant for this activity. The activity of
GM aqueous extracts may additionally be supported by chlorogenic and neochlorogenic
acids, but the present data do not allow direct attribution of the effect to these compounds.

Based on enzymatic inhibition results, extracts from the tested Geranium species
inhibit enzymes involved in inflammatory processes (hyaluronidase), extracellular ma-
trix degradation (elastase), and melanogenesis (tyrosinase). Similar to the antioxidant
activity studies, G. macrorrhizum demonstrated greater biological potential as an enzyme
inhibitor. The weaker potential was presented by G. sanguineum and G. phaeum. This
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observation may be important when selecting species for further studies aimed at potential
biological applications.

2.3. Antimicrobial Properties of Geranium Species Extracts

The escalating global threat of antimicrobial resistance necessitates continued ex-
ploration of novel and effective sources of antimicrobial agents [50]. Natural products,
including multi-component plant extracts, have long been recognised as valuable reservoirs
of bioactive compounds active against a broad range of pathogens and have historically
played an important role in medical practice [50,51]. Due to their chemical complexity, such
extracts may exhibit enhanced antimicrobial effects through synergistic interactions among
constituents, potentially reducing the likelihood of resistance development compared to
single-compound therapeutics [52,53]. In this context, the evaluation of the antimicro-
bial potential of extracts from the genus Geranium, several species of which have been
traditionally used to treat microbial skin conditions [54], provides a rationale for eval-
uating their activity against selected skin- and wound-relevant microorganisms. In the
present study, this general background was further investigated using three selected species,
namely G. phaeum (GP), G. sanguineum (GS), and G. macrorrhizum (GM), in order to evaluate
species-specific antimicrobial activity.

Extracts prepared from GP, GS, and GM exhibited measurable antimicrobial activity
against both Gram-positive and Gram-negative pathogens implicated in skin and soft-
tissue infections (Tables 4 and 5). Among the Gram-positive strains, Staphylococcus aureus
and Streptococcus pyogenes—well-established etiological agents of superficial and invasive
skin infections, including wound infections, cellulitis, impetigo, and erysipelas—showed
varying susceptibilities to aqueous and hydroalcoholic Geranium preparations. The low-
est MICsg values were observed for GP H,O (50 °C) and GS H,O (50 °C) extracts
(0.125-0.5 mg/mL), while the lowest MICq values were generally recorded for GS and
GM extracts.

Table 4. Antimicrobial activity of Geranium sp. extracts against selected Gram-positive bacterial species.

Staphylococcus aureus Streptococcus pyogenes
Extract MICs5 MICy, MBC MICs5 MICy MBC
[mg/mL] [mg/mL]
GP-H,0 (100 °C) 0.125 >2 >2 1.75 >2 >2
GP-H,O (50 °C) 0.125 >2 >2 0.125 >2 >2
GP-70% MeOH (50 °C) 1.5 1.75 >2 1 1 1
GS-H,O (100 °C) 0.5 0.5 >2 0.5 0.5 1
GS-H,0 (50 °C) 0.5 1 >2 0.125 0.5 2
GS-70% MeOH (50 °C) 1 1 >2 1.5 1.5 1.75
GM-H,0 (100 °C) 1 1 >2 1 1 1.75
GM-H,O (50 °C) 1 1 >2 1 1 2
GM-70% MeOH (50 °C) 0.5 0.5 >2 0.5 0.5 1

GP—G. phaeum, GS—G. sanguineum, GM—G. macrorrhizum.

Gram-negative bacteria, which are also relevant in wound infections, are generally
considered more intrinsically resistant due to the presence of an outer membrane [55].
Within this group, GM extracts exhibited the highest overall activity against the tested
strains. In particular, the hot-water (100 °C) extract of GM showed the strongest effect
against Pseudomonas aeruginosa, a pathogen associated with chronic wounds, burn infec-
tions, and biofilm formation [56,57], with an MICsg value of 0.0625 mg/mL. Other extracts
also inhibited Gram-negative bacteria, with MICs values ranging from 0.125 to 2 mg/mL
depending on the strain and extraction method. Only a few extracts achieved 90% inhi-
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bition; the most active in this respect was GP-70% MeOH against Acinetobacter baumannii
(MICqp = 0.5 mg/mL), a pathogen frequently associated with complicated skin and wound
infections [58].

Table 5. Antimicrobial activity of Geranium sp. extracts against selected Gram-negative bacterial species.

Acinetobacter baumannii  Klebsiella pneumoniae ~ Pseudomonas aeruginosa  Escherichia coli

Extract MICSO MICg() MBC MICSO MIC90 MBC MIC50 MICQO MBC MICS(] MICgO MBC
[mg/mL] [mg/mL] [mg/mL] [mg/mL]

GP-H,O

(100 °C) 1.75 >2 >2 1 >2 >2 15 >2 >2 025 >2 >2

GP-H,O

(50 °C) 0.5 >2 >2 0.25 >2 >2 0.25 >2 >2 2 >2 >2

GP-70%

MeOH 0.5 0.5 >2 0.25 >2 >2 1 1 >2 1 1 >2

(50 °C)

GS-H,0

(100 °C) 0.125 >2 >2 0.25 >2 >2 0.125 >2 >2 1 >2 >2

GS-H,0O

(50 °C) 1.75 >2 >2 1 >2 >2 1.5 >2 >2 0.5 >2 >2

GS-70%

MeOH 0.25 2 >2 0.125 >2 >2 1 >2 >2 0.5 >2 >2

(50 °C)

GM-H,0O

(100 °C) 0.25 2 >2 0.25 >2 >2 0.0625 >2 >2 025 >2 >2

GM-H,0O

(50 °C) 2 2 >2 0.5 >2 >2 1 >2 >2 025 >2 >2

GM-70%

MeOH 0.125 >2 >2 0.125 >2 >2 0.25 >2 >2 025 >2 >2

(50 °C)

GP—G. phaeum, GS—G. sanguineum, GM—G. macrorrhizum.

The observed activity across both Gram-positive and Gram-negative bacteria supports
the potential applicability of Geranium spp. extracts in antimicrobial formulations, partic-
ularly for topical use. However, as MBC values were generally higher than MIC values
and frequently exceeded the highest tested concentration, the antibacterial effect should
be interpreted mainly as growth-inhibitory, i.e., predominantly bacteriostatic rather than
bactericidal under the applied experimental conditions.

These findings are consistent with previous reports describing the traditional external
use of Geranium species in the treatment of wounds, ulcers, and inflammatory conditions
of the skin and mucous membranes [54]. The present results provide experimental support
for these ethnomedicinal applications and suggest that specific extraction conditions, par-
ticularly aqueous decoctions and hydroalcoholic preparations, may enhance the release of
antimicrobial constituents active against skin-associated pathogens.

Previous studies have also reported antimicrobial activity within the genus. Methano-
lic extracts of various Geranium species have demonstrated inhibitory effects against Es-
cherichia coli and other reference strains [16]. In addition, GS extracts obtained with water
or 50% ethanol have shown antibacterial and antifungal activity [8]. Essential oils from
related Geraniaceae species, particularly Pelargonium graveolens, have also exhibited activity
against clinical S. aureus strains, including MRSA [59].
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It is worth noting that the stronger antibacterial activity of GS and GM may be partly
attributable to the presence of phenolic constituents detected in these extracts, including
geraniin, chlorogenic acid, rutin, quercetin, and kaempferol derivatives, for which antibac-
terial or antibiofilm effects have been previously reported [60-64]. However, because the
present samples were crude extracts, the observed activity should be interpreted as the
combined effect of multiple metabolites rather than the action of a single marker compound.

The extracts were also evaluated for antifungal activity against four Candida spp.
strains. Across the tested species, the extracts exhibited variable antifungal effects, mainly
reflected by growth reduction in the MICs( assay (Table 6).

Table 6. Antifungal activity of Geranium sp. extracts against selected Candida species.

Candida albicans Candida glabrata Candida krusei Candida tropicalis
Extract MIC50 MIC90 MEC MIC50 MIC90 MEFC MIC50 MIC90 MEFC MIC50 MIC90 MEC
[mg/mL] [mg/mL] [mg/mL] [mg/mL]
GP-H,0
(100 °C) 2 >2 >2 2 2 >2 0.003905 >2 >2 1.75 1.75 >2
GP_OH 20 2 >2 >2 1.75 1.75 >2 0.0625 >2 >2 1.5 1.75 >2
(50°C)
GP-70%
MeOH 0.001953 1.75 >2 1.75 2 >2 1 1 >2 0125 0125 >2
(50°C)
ggﬁg 0.125 2 >2 0.03125 0.03125 >2 2 2 >2 0.03125 0.03125 >2
gg_%)o 0.5 1.75 >2 0.03125 0.03125 >2 0.125 0.5 >2 0.01562 0.03125 >2
GS-70%
MeOH 0.25 1 >2 0.03125 0.03125 >2 0.125 0.125 >2 0.03125 0.03125 >2
(50°C)
gg/é_%)o 0.5 1 >2 0.03125 0.03125 >2 0.5 0.5 >2 0.03125 0.03125 >2
(Cél(\)/[;gzo 0.01562 >2 >2 0.5 0.5 >2 0.00391 1.5 >2 0.0625 0.0625 >2
GM-70%
MeOH 0.00781 1.5 >2 0.03125 0.03125 >2 0.125 1 >2 0.03125 0.03125 >2

(50°C)

GP—G. phaeum, GS—G. sanguineum, GM—G. macrorrhizum.

In general, Candida glabrata appeared to be among the more susceptible strains, with
the lowest MICsy and MICgg values observed particularly for GS extracts, at 0.03125 mg/mL.
High activity was also demonstrated by GM extracts. Candida tropicalis showed high sus-
ceptibility to GS extracts (MICqy = 0.03125 mg/mL), comparable to GM extracts (MICyg
ranging from 0.03125 to 0.0625 mg/mL). In contrast, C. albicans and C. krusei, both known
for their reduced susceptibility to antifungal agents [65,66], were inhibited less effectively.
The strongest overall effects against C. albicans were observed for GS and GM extracts. Inter-
estingly, particularly high activity against this species was also observed in the 70% MeOH
extracts of GP and GM.

Nevertheless, GS and GM extracts, particularly hot-water decoctions, exhibited the
lowest MICsj values among all tested preparations, suggesting that these species are the
most active and may be especially rich in antifungal constituents effective against non-
albicans Candida species. It is worth noting that for some Candida strains, low MICs values
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were accompanied by higher MICyy and MFC values. This indicates that the extracts
partially inhibited yeast growth at low concentrations, but complete growth inhibition
and fungicidal activity required higher concentrations. Therefore, MIC5 values should
be interpreted mainly as indicators of partial growth reduction rather than as evidence of
complete antifungal activity. Similarly, because MFC values were mostly above the highest
tested concentration, the antifungal effect appears to be primarily fungistatic (growth-
inhibitory) rather than fungicidal.

These observations are consistent with previous studies indicating that Geranium
species possess antifungal potential. In particular, aqueous and 50% ethanolic extracts of
GS have previously been shown to exhibit antifungal activity, supporting the relevance
of polyphenol-rich fractions in inhibiting Candida spp. [13]. Although direct studies on
GM and GP against Candida are limited, several investigations demonstrate that bioac-
tive constituents characteristic of Geraniaceae, especially monoterpenes such as geran-
iol, exert significant anti-Candida and antibiofilm effects [65]. Reported mechanisms in-
clude disruption of membrane integrity, inhibition of ergosterol biosynthesis pathways,
suppression of virulence factors, and synergy with fluconazole via modulation of efflux
pumps [65,67-69]. Moreover, essential oils derived from related Geraniaceae species, par-
ticularly Pelargonium graveolens, have shown inhibitory effects against clinical C. albicans
isolates, further supporting the antifungal potential of metabolites within this plant
family [70].

The outcomes of the present study not only confirm the previously observed proper-
ties of plants from the Geranium genus, primarily used in traditional medicine, but above
all expand existing knowledge through the inclusion of this research on clinically relevant
wound pathogens such as S. aureus, S. pyogenes, A. baumannii, and P. aeruginosa. In addition,
the valuable antifungal effects of GM and GS against C. glabrata and C. tropicalis further sup-
port their potential as sources of biologically active compounds relevant to mucocutaneous
and opportunistic infections.

2.4. Study on Cell Lines

Assessment of the effects of natural compounds on mammalian cell viability is an
essential step in evaluating their potential biological or therapeutic use. Such studies
enable the identification of their potential cytotoxic effects and provide basic information
on their influence on cellular metabolic activity [71]. In biocompatibility studies of plant
compounds/extracts, it is important to determine the concentration that does not cause cy-
totoxicity in non-cancerous cells. According to the international standard ISO 10993-5 [72],
the cytotoxicity threshold is exceeded when cell viability decreases below 70% relative to
the control sample. Although this standard was developed for biomaterials and medical de-
vices, the 70% threshold is frequently used as a practical criterion for assessing cytotoxicity
in studies of natural substances as well. In the present work, human fibroblasts (HFF-1) and
keratinocytes (HaCaT) were employed as in vitro skin models. The Geranium extracts were
therefore examined using the MTT assay to assess their suitability for further investiga-
tion for topical applications, including those targeting inflammatory or hyperproliferative
skin conditions.

The MTT assay indicated that the tested Geranium extracts caused concentration-
dependent responses in HaCaT keratinocytes and HFF-1 fibroblasts across the range of
10400 pg/mL, as shown in Figures 13 and 14. Extracts derived from GP exhibited the most
favourable profile, as only the hydroalcoholic preparation reduced keratinocyte viability
below the cytotoxicity threshold, and this effect was limited to the highest concentration
tested (400 ug/mL). In contrast, GS extracts showed more pronounced effects at the highest
dose: both aqueous preparations (100 °C and 50 °C) decreased fibroblast and keratinocyte
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viability to approximately 60%, while the hydroalcoholic GS extract resulted in viability
reductions to around 40%, but only in keratinocytes (at 300—400 pg/mL). In fibroblasts,
the hydroalcoholic GS extract was not cytotoxic at any of the concentrations tested. Ex-
tracts of G. macrorrhizum displayed similar trends, with both the 50 °C aqueous and the
hydroalcoholic GM extracts beginning to reduce HaCaT viability from concentrations of
approximately 150 pg/mL. On the other hand, the GM extracts did not exhibit significant
cytotoxic effects on HFF-1 cells within the concentration range used.

120
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100 - 'l L] F" 3 P ..' L A GP-H,0 (100°C)
1 .' o | I ** : * - ** *
. r II ¥ I «Jix . » GP-H,0 (50C)
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Figure 13. The viability of keratinocytes HaCaT treated with Geranium sp. leaf extracts (GP—G. phaeum,
GS—G. sanguineum, GM—G. macrorrhizum) for 24 h. The results are presented as mean values + standard
deviations (+SD) obtained with the MTT assay. Error bars indicate +SD. Statistically significant
differences in comparison to control (ctrl—untreated cells/vehicle control) are marked with an
asterisk (“*”, Student’s t-test, p < 0.05).
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Figure 14. The viability of fibroblasts HFF-1 treated with Geranium sp. leaf extracts (GP—G. phaeum,
GS—G. sanguineum, GM—G. macrorrhizum) for 24 h. The results are presented as mean values + standard
deviations (£SD) obtained with the MTT assay. Error bars indicate £SD. Statistically significant
differences in comparison to control (ctrl—untreated cells/vehicle control) are marked with an
asterisk (“*”, Student’s t-test, p < 0.05).

Representative phase-contrast micrographs of HaCaT keratinocytes and HFF-1 fi-
broblasts treated with the extracts at the highest tested concentration of 400 pug/mL are
shown in Figure 15. These images provide additional visual context for the MTT results
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HaCaT - human keratinocyte cells

GP_H20 400 pg/ml

3
GS_MeOH 400 pg/ml GM_100 400 yg/ml GM_H20 400 pg/ml

(a)

GP_MeOH 400 pg/ml

and illustrate the morphology of cells exposed to the extracts under the most demanding
tested conditions.

HFF-1 —Human Foreskin Fibroblast cells

GP_100 400 pg/ml Control GP_100 400 pg/ml

GP_MeOH 400 pg/ml

GS_100 400 pg/ml GS_H20 400 pg/ml GP_H20 400 ug/ml GS_100 400 pg/ml GS_H20 400 pg/ml
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GS_MeOH 400 pg/ml GM_100 400 pg/ml GM_H20 400 pg/ml GM_MeOH 400 pg/ml

(b)
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Figure 15. Representative phase-contrast micrographs of cells after exposure to Geranium extracts at
the highest tested concentration of 400 pug/mL: (a) HaCaT human keratinocytes and (b) HFF-1 human
foreskin fibroblast cells. Untreated cells served as the control. The images show cell morphology after
treatment with GP, GS, and GM extracts prepared in water at 100 °C, at 50 °C, or in 70% methanol.
Scale bar: 200 um.

Across all species, lower and intermediate concentrations generally maintained cell
viability at or above 80-90%, demonstrating good cytocompatibility within that range.
Aqueous extracts tended to show cytocompatibility similar to, and in some cases slightly
better than, hydroalcoholic preparations, particularly in fibroblast cultures. These find-
ings support a preliminary cytocompatibility profile in skin-related in vitro cell models,
especially at lower and intermediate concentrations. The present findings, therefore, pro-
vide the first in vitro evidence of how extracts of GP, GS, and GM interact with human
skin-related cells.

Moreover, studies evaluating the effects of extracts from different Geranium species on
human cell lines are limited and provide only fragmentary data on their impact on healthy
skin cells. The available literature primarily focuses on cytotoxicity against cancer cell lines,
and the effect of Geranium-derived products appears to be highly dependent on both the
plant species and the type of extract [21,73]. On the other hand, published data indicate the
biological activity of individual compounds present in the tested extracts against skin cells
such as keratinocytes and fibroblasts. For example, the ellagitannin geraniin, identified in
the GS extract, was shown by Agyare et al. to increase the metabolic activity of human skin
cells (NHDF fibroblasts and HaCaT keratinocytes), thereby promoting cell proliferation [74].
In other studies, the same compound at low concentrations was also shown to protect cells
against oxidative stress and H,O,-induced cell death [75].

Moreover, the relationship between cytocompatibility and antimicrobial activity re-
quires a direct comparison of the tested concentration ranges. The concentration range used
in the MTT assay (10-400 pug/mL) corresponded to 0.01-0.4 mg/mL in antimicrobial tests.
This comparison showed that antimicrobial activity may be achievable within the concen-
tration range evaluated in HaCaT and HFF-1 cells only for selected extract-microorganism
combinations. For bacteria, this applied mainly to MICsj values: GP-H,O (50 °C) against
S. aureus and S. pyogenes; GS-HyO (50 °C) against S. pyogenes; and GM-H,O (100 °C) against
P. aeruginosa (MICsg = 0.0625 mg/mL). In contrast, most bacterial MICg, values exceeded
0.4 mg/mL and therefore cannot be considered supported by the present cytocompatibility
data. A more favourable relationship was observed for selected antifungal effects, par-
ticularly for GS and GM extracts against C. glabrata and C. tropicalis, with MICy values
ranging from 0.03125 to 0.0625 mg/mL. Thus, the present results suggest that selected
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Geranium extracts may exert antimicrobial effects at concentrations compatible with MTT-
based cytocompatibility in skin-related cells; however, this conclusion is limited to specific
extract-microorganism combinations and should be verified in further safety assays.

The tendency observed in our studies offers indications for further research direc-
tions. The low cytotoxicity of GP suggests that this species may be a promising source
of compounds for further skin-relevant in vitro and formulation-oriented studies, while
the stronger effects of GS and GM at higher concentrations suggest the presence of bioac-
tive constituents that can change keratinocyte and fibroblast metabolism. Such activity,
particularly when observed only at elevated doses, may be essential for studying the
anti-hyperproliferative or anti-inflammatory properties required to treat skin disorders.
Collectively, these findings provide a foundation for further studies that are aimed at
elucidating the mechanisms of action and evaluating the extracts in more sophisticated
dermatological models.

2.5. Limitations of the Study

This study has several limitations. First, the plant material was obtained from a botan-
ical garden collection and therefore reflects plants grown under specific and documented
cultivation conditions. Since environmental factors may influence secondary metabolite ac-
cumulation, the results should be interpreted with caution and should not be directly gener-
alised to natural populations or standardised medicinal raw materials. Second, the enzyme-
inhibition assays should be considered preliminary screening studies to select the most
active extracts. Further targeted studies should include full concentration-response curves
with confidence intervals for ICsg values. Third, the observed differences among the bio-
logical assays cannot be attributed to a single compound or to total polyphenol/flavonoid
content alone, but rather likely reflect assay-dependent contributions of different metabo-
lite classes and the combined action of multiple constituents present in the crude extracts.
Further studies should include targeted quantitative analyses, fractionation of the most
active extracts, and/or testing of selected isolated compounds to more precisely clarify
the relationship between phytochemical composition and biological activity. Finally, no
direct anti-inflammatory cellular assays, cytokine measurements, intracellular ROS mea-
surements, skin permeation studies, or mechanistic experiments were performed. Overall,
the findings should be considered preliminary and require confirmation in further studies
that isolate and characterise the active constituents, clarify their mechanisms of action,
and confirm the safety and activity of the most promising extracts in more advanced
skin-related experimental models.

3. Materials and Methods
3.1. Chemical Reagents

Acetate Buffer concentrate was purchased from J.T. Baker (Radnor, PA, USA), and
N-Succinyl-Ala-Ala-Ala-p-nitroanilide was purchased from BIOSYNTH s.r.o. (Nobelova,
Slovakia). The Folin—-Ciocalteu phenol reagent and iron (II) chloride tetrahydrate were
from Merck (Darmstadt, Germany). The Ammonium acetate, 3-escin, chloral hydrate,
dimethyl sulfoxide, 96% ethanol, glacial acetic acid, methanol, copper(II) chloride dehy-
drate, potassium persulfate, sodium phosphate monobasic dihydrate, sodium phosphate
dibasic dodecahydrate, sodium hydroxide, and sodium carbonate were from Avantor
Performance Materials Poland S.A. (Gliwice, Poland). All other chemicals were from the
Sigma-Aldrich Chemical Co. (Taufkirchen, Germany, or St. Louis, MO, USA). High-quality
and ultra-high-quality pure water were prepared using a Direct-Q 3 UV purification system
(Merck Millipore, Darmstadt, Germany).
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3.2. Plant Material

Tested plant material consisted of leaves of three different species: G. phaeum, G. sanguineum,
and G. macrorrhizum. The plant material was collected in April 2024 from cultivated speci-
mens growing in the Botanical Garden of Adam Mickiewicz University, Poznan, Poland. Af-
ter collection, the leaves were dried at room temperature. Voucher specimens are deposited
at the Department of Pharmacognosy and Biomaterials, Poznan University of Medical
Sciences, under the following numbers: 04_2024_GP, 04_2024_GS, and 04_2024_GM. The
collected samples were identified by Grazyna Naser, M. Sc. Eng. (Botanical Garden of
Adam Mickiewicz University in Poznan).

3.3. Extraction Process

For each of the three Geranium species, three types of extracts were prepared: H,O
(50 °C), H,O (100 °C), and 70% MeOH (50 °C). Dried and crushed leaves (2.5 g) were
extracted with 50 mL of solvent, corresponding to a solvent-to-material ratio of 20:1 mL/g
in each extraction cycle. Water and 70% methanol extractions at 50 °C were performed in
an ultrasonic bath (Elmasonic S 180H, Elma, Germany). In addition, water extraction was
performed at 100 °C using a conventional water bath (LaboPlay W 215, Bytom, Poland)
equipped with a reflux condenser. The extraction process was repeated four times (20 min
each cycle). Then, each extract was filtered through cotton wool into a flask. In total, 200 mL
samples were obtained. Subsequently, the volume of each extract was reduced using a
rotary evaporator (Rotavapor R-210, Biichi, Switzerland), then frozen and freeze-dried.
Obtained dry extracts were stored in an airtight Falcon tube secured with Parafilm (room
temperature). The yield of the extraction process was presented in Supplementary Materials
Table S5.

3.4. Phytochemical Studies of the Extracts
3.4.1. Total Polyphenol Content

The analysis was performed following the method developed by Studzifiska-Sroka
et al. with modifications [76]. In short, 25.0 uL of the test extract or standard was added to
each well, followed by 200.0 uL of distilled water, 15.0 uL of the Folin—Ciocalteu reagent,
and 60.0 uL of a 20% calcium carbonate solution. A reagent-only control (without extract
or standard) was included. Then the plate was shaken in the dark for 30 min at 350 rpm
at room temperature, after which absorbance was measured at 760 nm using a Multiskan
GOx1510 microplate reader (Thermo Scientific, Vantaa, Finland). All measurements were
performed in duplicate, yielding n = 4 replicates for extract samples and n =5 for the
reference. Results were expressed as milligrams of gallic acid equivalents (GAE) per gram
of extract, accompanied by the standard deviation (SD).

3.4.2. Total Flavonoid Content

The analysis was performed following the method of Studziriska-Sroka et al. [76].
Briefly, 100.0 uL of the test extract was mixed with 100.0 uL of a 2% methanolic aluminium
chloride solution. After shaking for 1 min, the mixture was incubated in the dark at room
temperature for 10 min. Absorbance was then recorded at 415 nm using a Multiskan
GOx1510 microplate reader (Thermo Scientific, Vantaa, Finland). A blank sample was
prepared by replacing the aluminium chloride solution with methanol. All measurements
were carried out in duplicate, yielding n = 3 replicates for extract samples and #n = 5 for the
reference. Results are expressed as milligrams of quercetin equivalents (QE) per gram of
extract, accompanied by the standard deviation (SD).
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3.4.3. LC-MS

The purified samples were analysed qualitatively by an HPLC/ESI-QTOF-MS system
in negative ion mode, using a 6530B Accurate-mass QTOF-MS (Agilent Technologies, Inc.,
Santa Clara, CA, USA) mass spectrometer with an ESI-Jet Stream ion source. The Agilent
1260 chromatograph was equipped with a DAD detector, an autosampler, a binary gradient
pump, and a column oven. Gradient of solvents: water with 0,1% formic acid (solvent A)
and acetonitrile with 0.1% formic acid (solvent B) were used as the mobile phases. The
following gradient procedure was adopted: 0—45 min, 0-60% of B; 45-46 min, 60-95% of
B; 46-55 min, 95% of B. The post time was 10 min. The total analysis time was 60 min,
with a stable flow rate of 0.300 mL/min. For the stationary phase LunaOmega Polar C18
(100 mm x 2.1 mm, dp 3 pm; Phenomenex, Torrance, CA, USA) was used. The injection
volume for the extracts was 10 uL. ESI-QTOF-MS analysis was performed according to the
following parameters of the ion source: Dual spray jet stream ESI negative ion mode, gas
(N2) flow rate: 12 L/min. nebuliser pressure: 35 psig, vaporiser temp.: 300 °C; m/z range
100-1000 mass units, with acquisition Mode Auto MS/MS, collision-induced dissociation
(CID): 10 and 30 eV with MS scan rate 1 spectrum per s, 2 spectra per cycle, skimmer: 65V,
fragmentor: 140 V and octopole RF Peak: 750 V. The identification was performed based
on MS/MS spectra. All compounds were intentionally reported as tentative annotations
based on accurate mass measurements, characteristic MS/MS fragmentation patterns, and
retention behaviour. Identification was performed using the open-access MS-Dial software
(version 5.1.230719; RIKEN, Wako, Japan) and compared with the literature.

3.4.4. Standardisation of the Extract Using High-Performance Liquid Chromatography
(HPLC) Analysis

The compounds selected for quantification were chosen based on their clear presence
in the HPLC chromatograms and LC-MS profiles, their representation of the main phe-
nolic groups detected in the extracts, their previously reported occurrence in Geraniaceae
leaves, and the availability of authentic reference standards. Other compounds detected by
LC-MS/MS were reported as tentative annotations because reliable quantification would
require additional standards and further method development. A high-performance liquid
chromatography system (Dionex Thermo Fisher Scientific, Dreieich, Germany) equipped
with a high-pressure pump (UltiMate 3000), autosampler (UltiMate 3000), and DAD de-
tector (UltiMate 3000), operated using Chromeleon software (version 7.0; Thermo Fisher
Scientific, Waltham, MA, USA), was used to quantify chlorogenic acid, neochlorogenic acid,
gallic acid, and rutin in leaf extracts of GM, GP, and GS. Separation was performed on a
LiChrospher RP18-5 (E) column (250 mm X 4.6 mm i.d., 5 um; Supelco, Bellefonte, PA,
USA). The analysis followed the method of Paczkowska-Walendowska et al. [77] developed
for the determination of phenolic compounds, especially flavonoids and phenolic acids. The
procedure was adapted, and analytical performance parameters were established for the
reference standards used for quantification. Quantification was performed only for analytes
detectable in the investigated extracts and showing retention times comparable with those
of the standards. Chromatographic conditions included detection wavelengths of 240 nm
for chlorogenic and neochlorogenic acids, 265 nm for gallic acid, and 360 nm for rutin; a
flow rate of 1 mL/min; a column temperature of 40 °C; and a mobile phase composed of
0.1% formic acid (solvent A) and acetonitrile (solvent B). The gradient programme was as
follows: 0-35 min, 2-20% B; 35-55 min, 20-70% B; 55-60 min, 2% B. Standard solutions
were prepared in HPLC-grade methanol at the following concentrations: neochlorogenic
acid (0.364 mg/mL), chlorogenic acid (1.0 mg/mL and 0.1 mg/mL), gallic acid (0.1 mg/mL
and 0.01 mg/mL), and rutin (0.5 mg/mL). All standards and samples were filtered through
0.45 um membrane filters prior to injection. Calibration curves were constructed using
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a range of injection volumes specific to each compound and concentration. Method vali-
dation included the assessment of linearity, calibration range, repeatability, intermediate
precision, and the determination of the limits of detection (LOD) and quantification (LOQ).
The validation parameters are presented in Supplementary Table S4. Chromatograms of
the reference standards and examined samples are presented in Supplementary Figures
54-57 and S8-516, respectively. Results are expressed as milligrams of compound per gram
of extract, accompanied by standard deviation (SD).

3.5. Studies of the Biological Activity of Extracts
3.5.1. Antioxidant Activity Assay
DPPH Assay

The assay was used to evaluate antiradical activity following the procedure described
in reference [78]. Briefly, 25.0 uL of the test extract (concentration range from 0.02 to
0.11 mg/mL for GS and GM, and from 0.078 to 0.63 mg/mL for GP)/standard (Trolox
concentration ranged from 0.025 to 0.2 mg/mL) was combined with 175.0 uL of DPPH
solution (3.9 mg in 50 mL methanol). The mixture was shaken using a Thermo-Shaker
TS-100 microplate shaker (BioSan, Riga, Latvia) at 350 rpm in the dark for 5 min at room
temperature, followed by a 25-min incubation in the dark. For each extract concentration,
sample blanks containing the extract solution and all assay components except the DPPH
solution (MeOH instead) were prepared to correct for possible background absorbance.
Blank-corrected absorbance values were used for calculations, and the control was cor-
rected using the corresponding reagent blank without extract. Absorbance was measured
at 517 nm using a Multiskan GO 1510 microplate reader (Thermo Fisher Scientific, Vantaa,
Finland). Analyses were performed in duplicate for each concentration, and results repre-
sent the mean of four measurements (1 = 4). Antiradical activity is expressed as an ICs
value (milligrams per millilitre £ standard deviation). ICsy values were calculated only for
extracts that reached more than 50% inhibition within the tested concentration range.

ABTS Assay

The assay was performed to evaluate antiradical activity following the procedure
described in reference [79]. Briefly, 10.0 uL of the test extract (concentration range from
0.025 to 0.2 mg/mL for GS and GM, and from 0.078 to 1.25 mg/mL for GP)/standard
(Trolox concentration ranged from 0.025 to 0.2 mg/mL) was mixed with 200.0 uL of ABTS
solution, prepared by dissolving 0.1920 g ABTS-(NH,), in 50.0 mL of 0.3311 mg K;5,0s in
500 mL of distilled water. Prior to use, the ABTS stock solution was diluted to achieve an
absorbance of ~0.77 at 734 nm. For each extract concentration, sample blanks containing
the extract solution and all assay components except the ABTS solution (water instead)
were prepared to correct for possible background absorbance. Blank-corrected absorbance
values were used for calculations, and the control was corrected using the corresponding
reagent blank without extract. The mixture was shaken in the dark at 500 rpm for 30 min
at room temperature, after which absorbance was measured at 734 nm using a Multiskan
GO 1510 microplate reader (Thermo Fisher Scientific, Vantaa, Finland). All analyses were
performed in duplicate for each concentration, and results are presented as the mean of
four measurements (n = 4). Antiradical activity is expressed as an ICs value (milligrams
per millilitre £ standard deviation). ICsy values were calculated only for extracts that
reached more than 50% inhibition within the tested concentration range.

Chelation Power of Ferrous (Fe?*) Ions Assay

The chelating capacity of the extracts was evaluated according to the method of Dinis
et al. [80], with minor modifications. Briefly, 200.0 uL of each sample (concentration range
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from 0.16 to 1.25 mg/mL for all samples)/standard (Quercetin concentration ranged from
0.25 to 5.0 mg/mL) was mixed with 10.0 uL of FeCl,-4H,O (1 mM) and pre-incubated
in a 96-well plate for 10 min at room temperature with shaking (500 rpm). Subsequently,
40.0 pL of ferrozine solution (2.5 mM) was added, followed by incubation for 30 min under
the same conditions. For each extract concentration, sample blanks containing the extract
solution and all assay components except the ferrozine (water instead) were prepared
to correct for possible background absorbance. Blank-corrected absorbance values were
used for calculations, and the control was corrected using the corresponding reagent blank
without extract. Absorbance was measured at 562 nm in five replicates (n = 5). Chelating
activity was measured in duplicate for each concentration, and results are presented as the
mean of four measurements (1 = 4). Activity was expressed as ICsg value (milligrams per
millilitre & standard deviation). ICsy values were calculated only for extracts that reached
more than 50% inhibition within the tested concentration range.

Chelation Power of Cupric (Cu?*) Ions Assay

The chelating capacity of the extracts was evaluated according to the previously
described method [81], with minor modifications. Briefly, 30.0 uL of each sample (concen-
tration range from 0.16 to 1.25 mg/mL for all samples)/standard (Quercetin concentration
ranged from 0.0625 to 0.5 mg/mL) was mixed with 30.0 pL of CuSO,-5H,0 (0.4 mM)
and 175.0 puL of acetate buffer (pH = 6), and then pre-incuibated in a 96-well plate for
10 min at room temperature with shaking (500 rpm). Subsequently, 15.0 uL of pyrocatechol
violet (2 mM) was added, followed by 20 min incubation under the same conditions. For
each extract concentration, sample blanks containing the extract solution and all assay
components except the pyrocatechol violet (buffer instead) were prepared to correct for
possible background absorbance. Blank-corrected absorbance values were used for cal-
culations, and the control was corrected using the corresponding reagent blank without
extract. Absorbance was measured at 632 nm in five replicates (n = 5). Chelating activ-
ity was measured in duplicate for each concentration, and results are presented as the
mean of four measurements (n = 4). Activity was expressed as ICsy value (milligrams per
millilitre + standard deviation). ICsy values were calculated only for extracts that reached
more than 50% inhibition within the tested concentration range.

CUPRAC Assay

The assay was conducted according to a previously described procedure [82]. The
CUPRAC reagent was prepared by mixing equal volumes of neocuproine (7.5 mM), cop-
per(II) chloride (10 mM), and ammonium acetate buffer (1 M, pH 7.0). Then, 50.0 pL of the
test extract (concentration range from 0.01 to 0.16 mg/mL for GS and GM, and from 0.04 to
0.63 mg/mL for GP)/standard (Trolox concentration ranged from 0.00156 to 0.2 mg/mL)
was combined with 150 pL of the reagent. For each extract concentration, sample blanks
containing the extract solution and all assay components except the CUPRAC reagent (wa-
ter instead) were prepared to correct for possible background absorbance. Blank-corrected
absorbance values were used for calculations, and the control was corrected using the
corresponding reagent blank without extract. After incubation in the dark for 30 min at
room temperature with shaking (350 rpm), absorbance was recorded at 450 nm. A blank
was prepared by replacing the extract with the extraction solvent. The experiment was
performed in duplicate for each concentration, and results are presented as the mean of
four measurements (1 = 4). Activity was expressed as the ICy5 value (milligrams per
millilitre &+ standard deviation), used as an operational comparative parameter, defined as
the extract concentration corresponding to an absorbance of 0.5 under the applied assay
conditions. Lower ICq5 values indicate stronger reducing/antioxidant capacity. ICqs
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values were calculated only for extracts that reached more than 50% inhibition within the
tested concentration range.

3.5.2. Inhibition of Enzymes
Hyaluronidase Inhibition Assay

The anti-hyaluronidase assay was conducted according to a previously described
method [83]. With minor modifications. Briefly, 25.0 uL of incubation buffer, 25.0 uL of
hyaluronidase solution (30 U/mL), 10.0 uL of the test extract (concentration range for
all samples [mg/mL]: 0.63-5.0 (highest possible concentration to obtain due to extract
solubility)/standard ([3-escin concentration ranged from 2.5 to 10.0 mg/mL), and 15.0 pL of
acetate buffer were added to each well. The mixture was incubated at 37 °C for 15 min with
shaking at 200 rpm, after which 25.0 puL of hyaluronic acid (HA) solution was introduced
and incubation continued for an additional 45 min under the same conditions. Subsequently,
200.0 pL of cetyltrimethylammonium bromide (CTAB) in 2% NaOH was added, followed
by a 10 min incubation at room temperature without shaking. Absorbance was recorded at
600 nm using a Multiskan GO 1510 microplate reader (Thermo Fisher Scientific, Vantaa,
Finland). The blank was prepared as described previously [84]. The assay was performed
in duplicate for each concentration, with results calculated from four measurements (1 = 4)
and expressed as an ICsy value (milligrams per millilitre + standard deviation). ICsj values
were calculated only for extracts that reached more than 50% inhibition within the tested
concentration range.

Elastase Inhibition Assay

The anti-elastase experiment was performed following a previously described
method [85] with modifications. Shortly, 20.0 uL of test extract (concentrations for all
samples [mg/mL]: 0.005, 0.05, 5.0 (the highest possible concentration to obtain due to
extract solubility))/standard (Quercetin concentration ranged from 1.0 to 2.5 mg/mL) and
50 uL of Trisma buffer were added to each well, followed by 10 min room temperature
pre-incubation, shaking at 500 rpm. Following, 10 uL of elastase solution was added and
incubated for 20 min at room temperature, without shaking. Lastly, 20 uL of N-Succinyl-
Ala-Ala-Ala-p-nitroanilide was added to each well, and the wells were incubated at 37 °C
for 20 min. For each extract concentration, sample blanks containing the extract solution
and all assay components except the enzyme (using buffer instead) were prepared to correct
for potential background absorbance. Blank-corrected absorbance values were used for
calculations, and the control was corrected using the corresponding reagent blank without
extract. Absorbance was recorded at 410 nm using a Multiscan GO 1510 microplate reader
(Thermo Fisher Scientific, Vantaa, Finland). The assay was performed in duplicate for each
concentration, with results calculated from four measurements (1 = 4) and expressed as
percent inhibition + standard deviation (SD) for each sample concentration. The ICsy value
was assessed for standard and extract samples, for which it was feasible (milligrams per
millilitre &+ standard deviation). ICsj values were calculated only for extracts that reached
more than 50% inhibition within the tested concentration range.

Tyrosinase Inhibition Assay

The anti-tyrosinase assay was performed following a method described by Lim
et al. [86] with modifications. Shortly, 25.0 pL of test extract (concentrations for all samples
[mg/mL]: 0.32, 1.25, 5.00 (highest possible concentration to obtain due to extract solu-
bility))/standard (azelaic acid concentration ranged from 0.63 to 20.0 mg/mL), 75.0 uL
of phosphate buffer (0.1 M, pH 6.8), and 50.0 pL of tyrosinase (192 U/mL solution in
phosphate buffer) and were added to each well, followed by 10 min room temperature
incubation in dark. Following this, 50.0 uL of L-DOPA solution (2 mM) was added and
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incubated for 20 min at room temperature, in the dark. For each extract concentration,
sample blanks containing the extract solution and all assay components except the substrate
(using buffer instead) were prepared to correct for potential background absorbance. Blank-
corrected absorbance values were used for calculations, and the control was corrected
using the corresponding reagent blank without extract. Lastly, absorbance was recorded at
475 nm using a Multiscan GO 1510 microplate reader (Thermo Fisher Scientific, Vantaa, Fin-
land). The assay was performed in duplicate for each concentration, with results calculated
from four measurements (n = 4) and expressed as percent inhibition + standard deviation
(SD) for each sample concentration. The ICs5, value was assessed for standard and extract
samples, for which it was feasible (milligrams per millilitre + standard deviation). ICs
values were calculated only for extracts that reached more than 50% inhibition within the
tested concentration range.

3.5.3. Study on Antimicrobial Properties

The study employed reference strains of bacteria and yeasts obtained from the labo-
ratory collection and stored at —80 °C or —20 °C, including Candida albicans ATCC 10231,
Candida glabrata ATCC 90030, Candida krusei ATCC 6258, Candida tropicalis ATCC 750,
Acinetobacter baumannii ATCC 19606, and Pseudomonas aeruginosa ATCC 27853, Klebsiella
pneumoniae ATCC 700603, Escherichia coli ATCC 25922, and Staphylococcus aureus ATCC
25923 and Streptococcus pyogenes ATCC 16615. All strains were streaked onto solid media,
with RPMI 1640 agar for yeasts and AO/AK agar for bacteria, and incubated at 37 °C for
24 h for bacteria and 48 h for yeasts. Stock solutions of Geranium extract were prepared in
Mueller-Hinton Broth (MHB) at a concentration of 2 mg/mL, and appropriate volumes
of the extract and MHB were added to 96-well microplates to obtain final concentrations
ranging from 2 to 0.0625 mg/mL for bacteria, and two concentration series for yeasts:
2 to 0.0625 mg/mL in the first series and 0.25 to 0.001953 mg/mL in the second series.
The final volume in each well was 200 pL. For each strain, a growth control consisting of
200 uL of inoculated MHB without extract was included. In addition, solvent controls,
extract blanks, and sterility controls were used. Extract blanks contained the corresponding
extract concentration in medium without microbial inoculum and were used to correct for
background absorbance.

Bacterial inocula were prepared by adjusting strain suspensions to 0.5 McFarland in
physiological saline (0.9% NaCl). For yeast inocula, a suspension of each Candida strain
at 0.5 McFarland was prepared in saline, after which 0.1 mL of the suspension was added
to 0.9 mL of saline and vortexed for 10 s. Subsequently, 2 uL of the appropriate inoculum
was added to each well containing extract, MHB, or control medium. Microplates were
incubated at 37 °C with shaking at 400 rpm for 24 h for bacteria and 48 h for yeasts. The
final inoculum density was approximately [5 x 10°] CFU/mL for bacteria and [2.5 x 10°]
CFU/mL for yeasts.

After incubation, MICqg values were determined visually by comparing microbial
growth in each well with that of the positive control; the lowest extract concentration
at which no visible growth was observed was recorded as the MICqy. MICs values
were obtained spectrophotometrically by measuring absorbance at 600 nm. To determine
minimum bactericidal (MBC) or fungicidal (MFC) concentrations, 5 puL of culture from
each well was plated onto solid medium, Mueller-Hinton Agar (MHA) for bacteria and
RPMI 1640 agar for yeasts. Plates were incubated at 37 °C for 24 h for bacteria and 48 h for
yeasts, and the lowest extract concentration that yielded no growth on solid medium was
interpreted as the MBC for bacteria and the MFC for yeasts. Standardly, three replicates
were used (3 or 5 if there were discrepancies). The tests were performed in accordance with
the recommendations: CLSI M27 for Candida and CLSI M07 for bacteria. All media used in
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the procedures included MHB (Oxoid), RPMI 1640 medium (Thermo Fisher Scientific), and
agar-agar (Thermo Fisher Scientific).

3.5.4. In Vitro Cytotoxicity Evaluation in HaCaT and HFF-1 Cells
Cell Lines

Human keratinocyte HaCaT and human fibroblast HFF-1 cell lines were obtained from
the American Type Culture Collection (ATCC, Manassas, VA, USA) and LGC Standards
(Teddington, Middlesex, UK), respectively. Dulbecco’s Modified Eagle’s Medium (DMEM)
and Dulbecco’s Modified Eagle’s Medium (DMEM) with high glucose concentration were
used for the keratinocytes and the fibroblasts (Merck Millipore, Burlington, MA, USA),
respectively. Supplements (100 mg/mL of streptomycin, 100 units/mL of penicillin, and
10% (v/v) fetal bovine serum (FBS)) were added to all the media. The cells were incubated
at 37 °C and 5% CO,.

MTT [3-(4,5-Dimethylthiazol-2-y1)-2,5-diphenyltetrazolium Bromide] Assay

To assess the viability of HaCaT and HFF-1 cells after treatment with the tested extracts,
the MTT assay was used. The cells were seeded at a density of 5 x 10 cells/well and
treated with the extracts dissolved in water (2 mg/mL; concentration range: 10-400 pg/mL)
for 24 h. The control was the untreated cells (with medium and 40 uL of water). The
absorbance of the formazan solution was measured with a microtiter plate reader (Epoch,
BioTek Instruments, Winooski, VT, USA). GraFit software v.7 (Erithacus Software, East
Grinstead, West Sussex, UK) was used to analyse the results and, if possible, calculate
ICsp values. MTT assay was performed in six repetitions (n = 6). ICsy values were not
reached within the tested concentration range (10400 pug/mL). Cell viability >70% relative
to the vehicle control was interpreted as non-cytotoxic, whereas viability below 70% was
considered indicative of cytotoxicity, in accordance with the commonly applied ISO 10993-5
criterion [72].

3.6. Statistical Analysis

Microsoft Excel (Microsoft Office LTSC 2021 Professional Plus, Microsoft Corp., Red-
mond, WA, USA) was used to calculate mean values and standard deviations. Statistical
significance was assessed using Statistica software (version 13.3; StatSoft Polska Sp. z o.0.,
Krakow, Poland). Data are expressed as mean =+ standard deviation (SD). IC5( /ICy 5 values
were calculated from the concentration-response curve. Statistically significant differences
in comparison to the control are marked with an asterisk (“*”, Student’s t-test, p < 0.05).
Different letters indicate statistically significant differences between extracts/samples ac-
cording to one-way ANOVA followed by Tukey’s post hoc test (p < 0.05).

4. Conclusions

The present study indicates that leaf extracts from the investigated Geranium species
may represent promising sources of bioactive compounds with skin-relevant in vitro bio-
logical activity. This was particularly evident in G. sanguineum and G. macrorrhizum, which
exhibited notable antioxidant activity, likely attributable to their high polyphenol content
and polyphenol-rich phytochemical profiles. Selected extracts also exhibited inhibitory
activity against hyaluronidase, elastase, and tyrosinase, supporting their selection for fur-
ther skin-related studies. In this context, G. macrorrhizum extracts and the GP-70% MeOH
extract appear particularly noteworthy.

Moreover, extracts from G. macrorrhizum and G. sanguineum showed greater antimi-
crobial activity against bacteria and Candida species than G. phaeum, whereas G. phaeum
exhibited lower antimicrobial activity but a more favourable cytocompatibility profile. All
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tested extracts were non-cytotoxic at low and intermediate concentrations in keratinocyte
and fibroblast models. The partial overlap between selected antimicrobial effects and
non-cytotoxic concentration ranges indicates the practical relevance of these findings for
prioritising extracts for further safety, activity, and formulation-oriented studies. Overall,
G. macrorrhizum and G. sanguineum appear to be the most promising sources of bioactive
compounds among the investigated species.
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ion spectra obtained by LC-MS/MS analysis of extracts from Geranium macrorrhizum; Figure S4: Chro-
matogram of gallic acid (Rt = 9.117 min; 265 nm); Figure S5: Chromatogram of neochlorogenic acid
(Rt = 16.717 min; 240 nm); Figure S6: Chromatogram of chlorogenic acid (Rt = 22.713 min; 240 nm);
Figure S7: Chromatogram of rutin (Rt = 37.250 min; 360 nm); Figure S8: Chromatogram of the aqueous
extract (100 °C) from G. phaeum leaves; gallic acid (Rt = 9.133 min); Figure S9: Chromatogram of the
aqueous extract (50 °C) from G. phaeum leaves; gallic acid (Rt = 9.123 min); Figure 510: Chromatogram
of the 70% methanol extract from G. phaeum leaves; gallic acid (Rt = 9.127 min); Figure S11: Chro-
matogram of the aqueous extract (100 °C) from G. sanguineum leaves; gallic acid (Rt = 9.117 min),
rutin (Rt = 37.177 min); Figure S12: Chromatogram of the aqueous extract (50 °C) from G. sanguineum
leaves; Gallic acid (Rt = 9.120 min), rutin (Rt = 37.197 min); Figure S13: Chromatogram of the
70% methanol extract from G. sanguineum leaves; Gallic acid (Rt = 9.127 min), rutin (Rt = 37.237 min);
Figure 514: Chromatogram of the aqueous extract (100 °C) from G. macrorrhizum laves; Galiic acid
(Rt =9.110 min); neochlorogenic acid (Rt = 16.439 min); chlorogenic acid (Rt =22.613 min); rutin
(Rt = 37.250 min); Figure S15: Chromatogram of the aqueous extract (50 °C) from G. macrorrhizum
leaves; Gallic acid (Rt = 9.120 min); neochlorogenic acid (Rt = 16.463 min); chlorogenic acid
(Rt = 22.653 min); rutin (Rt = 37.210 min); Figure S16: Chromatogram of the 70% methanol extract
from G. macrorrhizum leaves; Gallic acid (Rt = 9.120 min); rutin (Rt = 37.177 min); Figure 517: Stan-
dard and response curves for DPPH assay (standard—Trolox concentration range 0.025-0.2 mg/mL;
y = 314.05x — 7.8686; r = 0.9998); Figure S18: Standard and response curves for ABTS assay (standard:
Trolox; concentration range 0.025-0.2 mg/mL; y = 356.1x + 24.827; r = 0.9994); Figure S19: Standard
and response curves for: Fe?* chelation (standard: Quercetin; concentration range 0.25-5.0 mg/mL;
y = 10.985x + 34.533; r = 0.9897); Figure S20: Standard and response curves for Cu?* chelation assay
(standard: Quercetin; concentration range 0.0625-0.5 mg/mL; y = 31.929In(x) + 121.24; r = 0.9972);
Figure S21: Standard and response curves for CUPRAC assay (standard: Trolox; concentration range
0.0156-0.2 mg/mL; y = 8.2943x + 0.0936; r = 0.9998). Table S1: Results of LC-MS/MS analysis of
Geranium phaeum (GP) extracts; Table S2: Results of LC-MS/MS analysis of Geranium sanguineum (GS)
extracts; Table S3: Results of LC-MS/MS analysis of Geranium macrorrhizum extracts; Table S4: Valida-
tion parameters of the HPLC method used for quantitative analysis of selected phenolic compounds;
Table S5: Extraction yields and sample nomenclature of Geranium leaf extracts.
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