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ety of thermal mineral water for
cosmetic applications: an integrated approach
using physicochemical, cheminformatics, and
bioinformatics techniques

Vesna Milanković, *a Jelena Djuriš, b Aleksandra Tubić, c Jasmina Agbaba, c

Sofija Forkapić d and Milica Lukić b

Thermal and mineral waters represent a complex multifunctional natural resource that has been used for

various purposes throughout human history. The physico-chemical characterization of thermal and

mineral waters is a comprehensive process that integrates knowledge and practice from different

scientific fields. When used in direct contact with human skin, whether for bathing or for use in topical

products, a toxicological analysis of thermal and mineral waters must also be performed. This work is an

example of a multidisciplinary approach to investigate the safety of concrete thermal and mineral water

from the Pannonian Basin for use in cosmetics. A detailed physicochemical characterization was

performed together with the subsequent safety assessment of the final cosmetic product, coupled with

cheminformatics and bioinformatics tools used to predict physicochemical properties, pharmacokinetics,

determination of descriptors to assess bioactive potential and evaluation of possible biological pathways

and interactions. The results show that the tested thermal and mineral water is a promising resource for

use in cosmetic products that can help maintain skin integrity and improve its condition. The

toxicological evaluation showed that the tested water is acceptable as an ingredient in a face cream for

adults, excluding pregnant and breastfeeding women. The results are discussed in detail and guidance

and comments on outstanding issues are provided.
1. Introduction

Mineral and thermal waters are sourced from groundwater –

dened as free water subject to gravity that is present below the
Earth's surface in pores and fractures of rock formations.1–3 The
interaction of groundwater, rocks, gases and living organisms is
responsible for the specic chemical composition of each
groundwater. If the water has more than 1 g l−1 of dissolved
solids, unique chemical composition, specic constituents,
radioactive elements or an elevated temperature, that differs
from “ordinary”, low mineralized water, it is referred to as
mineral water (MW). Groundwater with a temperature of at least
20 °C at the outow is called thermal water (TW). If both
conditions are met and the groundwater contains more than 1 g
per l total dissolved solids (TDS) and has a temperature of more
grade, Serbia. E-mail: milankovicvesna@
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elgrade, Serbia

d Environmental Protection, Faculty of

ja Obradovica 3, Novi Sad, Serbia

s, University of Novi Sad, Trg Dositeja

the Royal Society of Chemistry
than 20 °C, it is dened as thermal and mineral water (TMW).3

MWs are widely used in the water industry as drinking and
refreshing waters. They are also a good source of constituents
(free gases, metals, bacterial cultures, algae and other complex
compounds) and can be used directly as geothermal sources to
produce clean energy (thermal energy and electricity
generators).4–7 Probably the most important aspect of TMWs use
relates to human health treatments (balneotherapy) and their
benecial effects on dermatological (atopic dermatitis, psori-
asis) and musculoskeletal (rheumatoid arthritis, osteoarthritis)
conditions have been demonstrated.8,9 In addition, TMWs are
considered promising dermocosmetic ingredients that are
already used by various cosmetic brands.

In formulations of cosmetic products containing water,
puried water is usually used, from which dissolved substances,
electrolytes and microorganisms have been removed by a suit-
able method. This is the easiest way to meet the legal require-
ments for the quality and safety of the cosmetic product.10

However, there are no explicit regulations on the type of water
used in the manufacture of cosmetic products in terms of a list
of permitted or prohibited waters. For the safe use of TMWs in
cosmetic production a detailed toxicological analysis must be
carried out and the safety of the cosmetic product
RSC Adv., 2025, 15, 17755–17775 | 17755
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Fig. 1 Graphic presentation of NOM classification.23
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manufactured with TMW must be assessed. Compared to
puried water, TMW contains additional compounds that
should not be considered impurities but equivalent compo-
nents and should be toxicologically evaluated.

Each TMW is characterized by a unique chemical composi-
tion and specic interactions between its constituents.11–13 The
traditional characterization of TMWs was mainly based on the
analysis and description of their inorganic content.14 However,
the natural organic matter (NOM) and organic compounds
present in certain MWs are important in terms of quantity and
variety of identied structures. In recent years, numerous
authors have supported the NOM and organic fractions of
TMWs as the main contributors to the healing mechanisms.15,16

The sum of all components in TMW represents the total
mineralization of the water and can be divided into macro-
components (primary and secondary) and micro-components
– all components other than macro-components, which occur
in traces or very low concentrations.17 The primary macro-
components (1–1000 mg l−1) that determine the mineraliza-
tion and chemical composition of the water include Na+, Ca2+,
Mg2+, Cl−, HCO3

−, SO4
2−, SiO2. The secondary macro-

components (0.01–10 mg) that can dene groundwater types
under certain conditions include K+, F−, Sr2+, Fe2+, Fe3+, CO3

2−,
F−, B3+ and nitrogen compounds.17 The micro-components
existing in concentration 0.0001–0.1 mg l−1 include Al3+, As3−,
Ba2+, Br−, Cd2+, Cr3+, Co2+, Cu2+, Ge4+, I−, Pb2+, Li+, Mn2+, Mn3+,
Ni2+, PO4

3+, Rb+, Se2−, Ti4+, Zn+, and micro-components present
in concentration less than 0.001 mg l−1 include Be2+, Bi3+, Cs+,
Ga3+, Au+, Au3+, In3+, La3+, Pt2+, Pt4+, Ra2+, Sc3+, Ag+, Tl3+, Th4+,
Sn2+, Sn4+.17 In addition to the mentioned main constituents,
TMWs contain radionuclides, NOM, dissolved gases and
various microorganisms.

The inorganic content of TMWs is mainly used for their
classication, like in the following one:18

Water with bicarbonate – if bicarbonate content is >600 mg
l−1.

Water with sulfate – if sulfate content is >200 mg l−1.
Water with chloride – if chloride content is >200 mg l−1.
Water with calcium – if calcium content is >150 mg l−1.
Water with magnesium – if magnesium content is >50 mg

l−1.
Water with uoride – if uoride content is >1 mg l−1.
Water with iron – Bivalent iron content greater than 1mg l−1.
Acid water – if the CO2 content is >250 mg l−1.
Water with sodium – if sodium content is >200 mg l−1.
A systematic review of 678 MWs and 2390 TWs in selected

European countries11 has shown that the total dissolved solids
(TDS) content is generally below 1 g l−1, and for TWs the range is
between 1–14.5 g l−1. Highly mineralized groundwaters with
>14.5 g l−1 are very rare and occur exclusively in Hungary. The
Pannonian Basin, which includes Hungary, Slovakia, Romania,
Slavonia (part of Croatia) and Serbia, is rich in TMW springs
with a particularly high NOM content in the water. Analysis of
the NOM content (humic substances (HS) and aromatic
compounds) of Hungarian thermal waters showed that with
increasing water temperature the concentration of HS
decreases, while the content of aromatic compounds
17756 | RSC Adv., 2025, 15, 17755–17775
increases.15,19 The aromatic hydrocarbons occurred at
a threshold temperature of 80 °C, phenols at 90 °C and fatty
acids were detected in the hottest waters (>90 °C).15

The occurrence of NOM in the natural environment is the
result of a continuous chemical, physical and microbiological
transformation of biomolecules (plants and animals) and is not
yet clearly understood. Their nature and physical/chemical
properties depend on the source, location and season.20 NOM
can be found in almost all terrestrial and aquatic environments,
and they are dened as a complex mixture of organic compo-
nents consisting of groups of heterogeneous macromolecules of
aromatic and aliphatic hydrocarbons with different molecular
weights and sizes, hydrophobicity and functional groups.21,22

The NOM present in TMWs can be divided into particulate
organic matter (POM), dissolved organic matter (DOM) and
colloids (Fig. 1). POM includes bacteria, plankton and mineral
constituents coated with organic material, with an average
particle size between 50 mm and 2 mm.24 DOM is the fraction of
dissolved POM smaller than 0.45 mm25 which can be sub-
divided into non-HS (components with recognizable chemical
structure belonging to organic groups such as amino acids,
hydrocarbons, carbohydrates, fats, waxes and resins) and HS
(complex heterogeneous substances26 without recognizable
structure and physical and chemical properties).

HS are considered hydrophobic, i.e. rich in aromatic carbon,
phenolic structures and conjugated double bonds, while non-
HS are considered hydrophilic, i.e. rich in aliphatic carbon
and nitrogen-containing compounds.27 HS make up 80–90% of
NOM and include humic fragments known as humic acids (HA),
which are insoluble in water at acidic pH (<2); fulvic acids (FA),
soluble in water at acidic to alkaline pH; and humin, which is an
insoluble residue.28,29 Due to differences in acidity and hydro-
phobicity it is difficult to make a clear distinction between HA,
FA and humin as part of the heterogeneous supramolecular
NOM system. HS in waters contain much more FA than HA, in
contrast to HS from soil, which are predominantly composed of
HA.30 The fact that the different sources of HS are responsible
for the variation of constituents differing in structures and
physico-chemical properties justies the lack of unied model
that can describe and predict the dynamic properties and fate of
HS both in the aqueous phase and in soil.31 In order to fully
© 2025 The Author(s). Published by the Royal Society of Chemistry
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understand and possibly predict the behaviour of HS, it is
necessary to perform a specic experimental case-by-case study
of the structure and physical and chemical properties, involving
in a rst step their isolation and purication and later the
application of different analytical physical–chemical, spectro-
scopic and chromatographic methods.

TWs coming from great depths can have a different content
of natural radionuclides conditioned by the nature and
composition of the rocks, the age of the water, ow conditions
and geochemical processes. In addition to radionuclides that
belong to natural radioactive series (uranium and thorium
series), other natural radionuclides of terrestrial or cosmogenic
origin (40K, 3H, 14C) may be present as well as anthropogenic
radionuclides (3H, 14C, 137Cs, 90Sr, 131I, transuranium
elements). A particular risk to the health safety of water is posed
by radon, a naturally occurring radioactive gas, a progeny of
radium, which, due to its high solubility in water, can reach
high concentrations in groundwater.

This work aims to study a specic TMW originating from the
area of Vojvodina (Republic of Serbia) as part of Pannonian
Basin, specic for its high NOM content. A toxicological evalu-
ation and safety assessment was carried out based on compre-
hensive and measured parameters characterizing investigated
TMW. In order to explore the possibility to use this TMW as
a cosmetic ingredient and to assess its safety as a component of
a cosmetic product, a detailed study of its physico-chemical
properties was carried out. In addition, a cheminformatics
and bioinformatics study of important NOMs was performed
and the contribution of NOM, which is usually neglected, was
discussed in detail.
2. Materials and methods
2.1. Materials

The investigated TMW originates from Novi Bečej (Vojvodina,
southern part of the Pannonian Basin, the northern region of
the Republic of Serbia) and was taken from a well at a depth of
560 m. The temperature of the TMW at the outlet is 40 °C. The
groundwater of the entire Pannonian Basin is, as reported in the
literature, specic due to their high NOM content and is used
for balneological purposes in all the countries mentioned.32–35
2.2. Determination of physico-chemical properties of the
TMW

The water samples were analyzed for their physico-chemical
properties: temperature, pH, mineralization, conductivity,
total dry residue, radioactivity, alkalinity, concentration of
inorganic and organic components, pesticides, and acute
toxicity.

The pH measurements were carried out using a portable
WTW InoLab device.36 The conductivity of the TMW was
measured using the Hannahmodel HI 933000 eld conductivity
meter.37 The total dry residue was determined using the stan-
dard method APHA, AWWA, WEF, 2017 (ref. 38) and water
alkalinity (p- and m-alkalinity) was determined according to the
standard method APHA, AWWA, WEF 2012.39
© 2025 The Author(s). Published by the Royal Society of Chemistry
The NOM content in the TMW was determined using the
following parameters: total organic carbon (TOC), dissolved
organic carbon (DOC), UV254 absorbance, UV278 absorbance
and specic UV absorbance (SUVA). The TOC content and the
dissolved organic carbon (DOC) content (aer ltration of the
water through a 0.45 mm membrane lter) were determined
using the Elementar LiquiTOCII. The method involves pyrolytic
oxidation of the sample at 850 °C.40

The content of organic substances that absorb UV radiation
was determined bymeasuring the UV absorbance at 254 nm and
278 nm in a 1 cm cuvette on a UV spectrophotometer (PG
Instruments Ltd T80+ UV/VIS, UK) according to standard
methods.38 The value of specic UV absorbance (SUVA) is
calculated from the values of UV254 and DOC.

The pesticide content was determined using gas chroma-
tography with electron capture detectors (GC/mECD, Agilent
Technologies, 6890N, USA) and gas chromatography with mass
detectors (GC/MSD, Agilent Technologies 7890, USA).41
2.3. Determination of the radioactivity of TMW

First step in radioactivity control of TMW was the gross alpha
and beta activity measurements by liquid scintillation counting
LSC method respecting the requirements of reference docu-
ment.42,43 The qualitative and quantitative analysis of the
radionuclide content in water was then performed by gamma-
spectrometry method using low-level HPGe detectors and
standard procedure of radioactivity preconcentration and effi-
ciency calibration for a specic geometry and sample
matrix.44–46 Due to the problem with bumbling of TMW and an
active testing of radon concentration in water with RAD7 radon
monitor the LSC method was used instead, and samples were
prepared by mixing with two-phase scintillation cocktail Ulti-
maGoldF.47,48 Finally, the content of beta emitters tritium and
strontium in water were analyzed by LSC technique applying the
adequate validated protocols: distillation for 3H determina-
tion,49 and Cherenkov radiation detection for direct determi-
nation of 90Sr.50
2.4. Characterization of NOM

The qualitative and quantitative characterization of NOM
present in TMW was performed by fractionation on columns
lled with XAD resins (Sigma-Aldrich).51 Aer ltration (0.45 mm
lter) and acidication to pH 2 (cc HCl (Sigma-Aldrich)), 2 liters
of raw water were passed through a column lled with XAD-8
resin. The adsorbed substances were eluted from the XAD-8
resin with 250 ml of 0.1 M NaOH (Sigma-Aldrich). The eluate
was then acidied to pH 1 (cc HCl), settled and centrifuged aer
24 hours. The supernatant represents the fulvic acid fraction
(FAF). The precipitate obtained aer centrifugation was dis-
solved in 100 ml 0.1 M NaOH (HAF –HA fraction). Aer passage
through the XAD-8 resin, the water was passed through the
XAD-4 resin. A hydrophilic acid fraction (HPI-A) was obtained by
elution with 250ml 0.1 MNaOH. The fraction that remains aer
passing water through the resins is the non-acidic hydrophilic
fraction (HPI-NA).
RSC Adv., 2025, 15, 17755–17775 | 17757
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2.5. Determination of acute toxicity of TMW

The screening of acute toxicity of TMWwas performed using the
Artemia salina toxicity test (ARC test), which is widely used to
detect the toxic effects of various substances such as arsenic,52

mercury and chromium,53 drugs, herbicides, pesticides and
insecticides.54 The role of this test in detecting the toxic effect of
wastewater55 is particularly important as the organism used is
tolerant to chloride ions and high salinity. In 2017, the Inter-
national Organization for Standardization/Technical Specica-
tion (ISO/TS) 2078 standardized this test to investigate the toxic
effect of nanomaterials in different aquatic ecosystems.

The test was performed according to the protocol of Van-
haecke and Persoone56 with minor modications. Lyophilized
eggs of Artemia salina (JBL Artemio Pur) were incubated for 48
hours in distilled water with the addition of sea salt (33 g L−1),
under constant lighting (100 W) and aeration at a temperature
of 25 °C. Aer hatching, stage II and III larvae were transferred
to wells (10 to 15 larvae per well) with TMW samples taken on
the day of the experiment, to which sea salt (33 g per 1 l water)
was added. The toxic effect of different concentrations of TMW
(99%, 75%, 50%, 25% and 12.5%) and of negative and positive
controls was tested. The negative control was distilled water
with added sea salt (33 g L−1), the positive control was potas-
sium dichromate (K2Cr2O7, Sigma-Aldrich) in concentrations of
10 to 50 mg ml−1. The microtiter plates were incubated at 25 °C
and the number of live and dead individuals was determined
aer 24, 48 and 72 hours of incubation to determine the acute
toxic effect. The test was performed in triplicate.
2.6. Cheminformatic and bioinformatic analysis

The cheminformatics analysis was conducted using the Swis-
sADME platform,57 a widely recognized online tool for predicting
physico-chemical properties, pharmacokinetics, drug-likeness,
and medicinal chemistry friendliness of chemical compounds.
The selection of HA and FA for cheminformatic and bio-
informatic evaluation was based on their predominance in the
NOM composition of the tested TMW, as conrmed by fraction-
ation results. Representative structures were selected from the
PubChem database58 to reect typical molecular features attrib-
uted to environmental humic and fulvic acids and to enable
structure-based descriptor calculation. It is important to note that
cheminformatic analysis was conducted on selected model
structures rather than on the full natural mixtures directly
extracted from the tested water. This approach allows for the
estimation of relevant molecular descriptors that support safety
and functionality assessment in a cosmetic context.

The molecular structures of the two substances analyzed, HA
and FA, were inputted in the form of SMILES strings, which
were derived from Pubchem database. SwissADME provided
insights into the molecular properties of HA and FA, including
their solubility, lipophilicity, polar surface area, and other
descriptors crucial for assessing their potential as bioactive
ingredients in cosmetic formulations. The analysis included
parameters particularly relevant for dermal application, such as
topological polar surface area (TPSA), lipophilicity (multiple log
Po/w models), skin permeability (log Kp), and water solubility
17758 | RSC Adv., 2025, 15, 17755–17775
using ESOL, Ali, and SILICOS-IT models. These descriptors are
commonly used in dermocosmetic science to estimate local
bioavailability, retention in the stratum corneum, and the
likelihood of systemic exposure. The SwissADME output was
interpreted descriptively, with particular attention to how these
physicochemical features align with general criteria for safe and
effective bioactive compounds in topical cosmetic formulations.

The bioinformatics analysis focused on evaluating the bio-
logical pathways and interactions associated with the two
substances, HA and FA, based on their modulated genes. The
list of expressed genes associated with HA and FA was obtained
from the Comparative Toxicogenomics Database (CTD),59

a resource for understanding chemical–gene–disease interac-
tions. This gene list was then analyzed using the Gene Ontology
(GO) enrichment analysis tool available at South Dakota State
University's Bioinformatics website.60 The analysis provided
functional annotations and pathway enrichment information,
highlighting key biological processes, molecular functions, and
cellular components inuenced by the substances. These
insights were further validated against literature to ensure
biological relevance.
2.7. Safety assesment of TMW as used in cosmetic product

Safety assessment of a cosmetic product is based on the safety
assessment of its ingredients as followed by the cosmetic
regulation regarding its safety.10,61 According to this principle,
safety assessment of TMW was conducted through hazard
identication and exposure assessment of its compounds.
Hazard identication was conducted by identifying compounds
of the water in relation to their permitted concentrations in
drinking water.62 Exposure assessment was carried out based on
the guidelines,61 as if TMW was a part of a face cream used by
adults. Risk characterization was determined by calculating the
Margin of Safety (MoS): MoS = PoD/SED, where PoD (Point of
Departure) is a dose–response point that marks the beginning
of a low dose extrapolation.61 As a PoD value No Observed
Adverse Effect Level (NOAEL) is generally used, although
a Lowest Observed Adverse Effect Level (LOAEL) and Bench-
mark Dose Low Level (BMDL) can also be used, depending on
the available toxicology data. PoD value was estimated from the
existing available toxicology data that can be found in literature.

SED is Systemic Exposure Dosage and can be calculated
based on the amount of the cosmetic product used daily: SED
(mg per kg body weight (bw) per day)= A (mg per kg bw per day)
× C (%)/100 × DA (%)/100. A (mg per kg bw per day) is relative
daily exposure – daily exposure to a cosmetic product per kg
body weight based upon the amount applied and frequency of
application was chosen ad a default value given in the Notes of
Guidance for the testing of cosmetic ingredients and their safety
evaluation.61
3. Results and discussion
3.1. Results of physico-chemical properties

The high values of conductivity and total dry residue shown in
Table 1 indicate high mineralization of the water.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physical–chemical characteristics of investigated TMW

Parameter Value

Temperature (°C) 40
Total dry residue (mg l−1) 3053
pH 8.02
Conductivity (mS cm−1, 20 °C) 4810
Hardness (mg CaCO3) 167
Total alkalinity (mmol l−1) 51.8
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The pH value of TMW is 8.02, classifying it as slightly alka-
line. A hardness of 167 mg CaCO3 does not characterize the
TMW as water with high hardness. TMW has a characteristic,
slightly intense smell and a light-yellow colour, which is typical
for water with a high HS content. In Table 2 chemical compo-
sition with concentration of cations, anions and trace elements
is presented. TMW is rich in sodium, magnesium and bicar-
bonate and can be classied as water with bicarbonate (>600 mg
l−1), magnesium (>50 mg l−1) and sodium (>200 mg l−1) based
on the concentrations of these ions.18 The tested water has
a rich composition of macro and micro compounds (sodium,
magnesium, potassium, calcium) that are most directly
involved in the structure of the skin,63 which may be important
in terms of potential effects when TMW is applied to the skin.64

Magnesium and zinc ions have been reported to promote the
migration of human skin broblasts and keratinocytes and
accelerate extracellular matrix remodeling, while calcium plays
an important role in regulating keratinocyte differentiation and
its inux into keratinocytes improves the skin's barrier
function.65,66

The content of trace elements and other elements also could
be associated with the benecial effects of TMWs on the skin.
The results obtained for the tested TMW show a signicant
presence of strontium, silica (SiO2), zinc, copper and boron. The
tested TMWhas the same strontium concentration as one of the
widely known MW used in commercial cosmetic products with
anti-inammatory and antioxidant properties.67 In an ex vivo
study with the commercially used water, selenium and stron-
tium salts were shown to have a modulating effect on the
reduction of IL-6 cytokine production at the intra- and extra-
cellular level.68,69 Also, the combination of ions such as
Table 2 Determined chemical composition of tested TMW-concentrati

Compound Value Compound

Na (mg l−1) 595 Mn (mg l−1)
K (mg l−1) 7.19 Fe (mg l−1)
Ca (mg l−1) 23.7 As (mg l−1)
Mg (mg l−1) 63.8 Ni (mg l−1)
Br− (mg l−1) <5 Zn (mg l−1)
Cl− (mg l−1) 171 Cd (mg l−1)
SO4

2+ (mg l−1) 118 Cr total (mg l
S2− (mg l−1) <0.5 Cu (mg l−1)
NO3

2− (mg N per l) 1.16 Pb (mg l−1)
NO2

− (mg N per l) <0.005 Hg (mg l−1)
NH3 (mg NH3 per l) 13.4 Se (mg l−1)
Orthophosphate (mg P per l) 0.295 Al (mg l−1)

© 2025 The Author(s). Published by the Royal Society of Chemistry
magnesium, calcium, chlorine, manganese, sulphur and
strontium reduces AD-like inammation in hairless mice
through immunomodulation and redox balance.70,71 A clinical
study conducted with SiO2-rich MW has shown a positive effect
in terms of skin barrier restoration and anti-itching potential.72

Another in vitro study with SiO2-rich TW conrmed the empir-
ical clinical benet of this water in hyperkeratotic conditions
such as psoriasis and atopic dermatitis.73 Copper and zinc are
considered important factors in promoting skin healing74 and
are used in the form of salts in topical products to soothe and
calm irritated skin. Zinc has been shown to modulate the
different phases of scar formation in injured tissue.75 In
combination with copper, zinc promotes the regeneration of
elastic bres in the dermis, which can lead to a reduction in
wrinkles.64,76 The tested TMW is rich in boron, in similar
quantities to other known TMW already used as an ingredient
in cosmetic products. The results of a 24-hour in vitro incuba-
tion of keratinocytes with boron and manganese salts showed
accelerated wound healing compared to the control medium.77

The theoretical assumption of all the above-mentioned positive
effects of the compounds of the tested TMW is useful. Still, it
would be of great importance to evaluate and quantify them
through an in vivo testing or a clinical study.

Knowledge of the composition of the macro and micro
compounds is also important for the development of cosmetic
formulations with regard to a possible interaction with other
ingredients and general product stability. Due to the high
mineralization of the tested TMW, special attention must be
given to the selection of the functional ingredients of the
cosmetic formulation, such as emulsion-forming ingredients,
rheology modiers, preservatives and chelating agents. The
specic odor and slightly yellow color of the TMW can be
a challenge when it comes to achieving the desired sensory
properties of the cosmetic formulation. Tables 3 and 4 show the
concentrations of organochlorine pesticides and organic
compounds in the water tested.

Organochlorine pesticides (OCPs) are agrochemicals used
over long periods of time, mainly in agriculture. They have the
potential to accumulate in the food chain, posing a major threat
to human health and the environment worldwide.78 Their
concentration is very important for water quality. The results of
on of cations, anions, and trace elements

Value Compound Value

0.008 Ba (mg l−1) 0.288
0.336 F− (mg l−1) <0.1

<0.003 HCO3
− (mg l−1) 3128.68

<0.002 CN− (mg l−1) <0.02
<0.023 SiO2 (mg l−1) 21.2
<0.00015 Sr (mg l−1) 0.2272

−1) 0.0075 Sn (mg l−1) <0.0010
0.013 Au (mg l−1) 0.0013

<0.006 B (mg l−1) 0.5647
<0.0005 Sb (mg l−1) <0.0001
0.005 Be (mg l−1) <0.0001

<0.001
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Table 3 Determined concentrations of organochlorine pesticides in tested TMW

Compound
(mg l−1) Value

Compound
(mg l−1) Value

Compound
(mg l−1) Value

Compound
(mg l−1) Value

Compound
(mg l−1) Value

Alpha-BHC <0.005 Heptachlor <0.003 Endosulfan I <0.003 Pentachlorobenzene 0.007 Aldrin <0.003
Beta-BHC <0.005 Heptachlor epoxide <0.003 Endosulfan II <0.003 Hexachlorobenzene <0.01 Dieldrin <0.006
Gamma-BHC <0.003 Endrin <0.006 4.40-DDT <0.0005 Simazine <0.02 Alachlor <0.02
Delta-BHC <0.003 Endrin aldehyde <0.0006 4.40-DDD <0.002 Triuralin <0.008 Chlorpyrifos <0.02
Atrazine <0.02 Endosulfan sulfate <0.003 4.40-DDE <0.005

Table 4 Determined concentrations of detected organic compounds
and parameters of the tested TMW

Parameter Value Parameter Value

Phenols (mg l−1) <0.037 Toluene (mg l−1) <0.5
PAHs (mg l−1) <0.06 TOC (mg C per l) 122.3
Benzo(a)pyrene (mg l−1) <0.01 DOC (mg C per l) 111.5
Trihalomethanes (mg l−1) <4 UV254 (cm

−1) 2.117
Benzene (mg l−1) <0.5 UV278 (cm

−1) 1.575
Ethylbenzene (mg l−1) <0.5 SUVA (l mg−1 m−1) 4.12
Xylene (mg l−1) <0.5

Table 5 Gross alpha and gross beta activity of tested TMW

Gross alpha activity
[Bq l−1]

Gross beta activity
[Bq l−1]
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the analysis of the content of OCPs in the tested TMW shows
that these compounds are not present according to the
parameters of the legislation on the quality of water intended
for human consumption.62 The content of organic compounds
whose presence in the tested water would be considered
chemical pollution, such as polycyclic aromatic hydrocarbons
(PAHs), benzene and others, is presented in Table 4. The results
show that no undesirable organic pollutants are present.

The NOM content is signicant, as indicated by high values
for TOC and DOC as well as the UV absorption of the tested
TMW. The value of specic UV absorption (SUVA) indicates the
predominant presence of hydrophobic aromatic compounds
such as HA and FA in the structure of the nom of tested TMW.

HS contained in cosmetic or medical products can originate
from both articial and natural resources. So far, peat has been
widely used as a natural source of HS in different balneological
treatments and topical products. Current knowledge about the
health-promoting and cosmetic use of peat is mainly based on
the effect of HS, which form the main group of active ingredi-
ents.79 Unlike raw peat, whose composition is variable and
dependent on many factors, HS can be studied precisely in
terms of quantity and quality.79,80 In an animal study in rats,
topical administration of a poultice containing HA and FA
accelerated wound healing by increasing angiogenesis and
broblast formation and reducing the distribution of inam-
matory cells.81 In another animal study in rats, a 0.5% HA gel
accelerated wound healing, presumably due to anti-
inammatory and stimulatory effects on broblasts and
vascular promotion.82 A study indicating protective hydro-
phobic components of HA, viable conformational arrangements
and bioactive molecule content suggests innovative applica-
bility of HS in dermatology to protect the skin from environ-
mental irritants and as an anti-inammatory agent.83 When
17760 | RSC Adv., 2025, 15, 17755–17775
formulating safe cosmetic products with a high NOM water
phase, special care must be given to avoid the formation of
trihalomethanes, a class of disinfection by-products known to
be formed during the chlorination of high NOM drinking
water.84
3.2. Results of radioactivity tests

During the direct measurement of radon concentration in water
with an active device RAD7 (Durridge Company, USA), it was not
possible to remove gas from the water by bubbling, indicating
that the water sample was taken aer degassing, and it was not
possible to detect the presence of radon in the water. This
assertion is conrmed by another method in which the water
sample is mixed directly with a scintillator (LSC method), where
the radon concentration in the sample was below the detection
limit (MDA = 0.2 Bq l−1 for 50 min time of measurement). The
results obtained for radon activity and gross alpha and gross
beta activity are shown in Tables 5 and 6 respectively.

A major problem with the LSC method is quenching and
obtaining lower counts than the real ones for yellow-coloured
samples of tested TMW due to the presence of iron
compounds.85 Therefore, it is necessary to use the gamma-
spectrometric method for quantitative determination of radio-
nuclides, and the obtained values are given in Table 6. The
measured activity concentrations of other produced radionu-
clides are below the detection limit.

The activity concentrations of tritium and strontium are
below the detection limit, which is usual for water that comes
from a great depth and does not mix with surface waters.

The gamma spectrometric analysis of the content of radio-
nuclides in the TMW sample revealed low activity concentra-
tions of the natural radionuclides 226Ra and 228Ra, which are
close to the derived concentrations for radioactivity in water
intended for human consumption86 and which are calculated
based on a dose of 0.1 mSv and an average annual water intake
of 730 l.

Very low concentrations of radionuclide activity and the
absence of tritium 3H, strontium 90Sr and radon 222Rn were
0.011 � 0.003 0.24 � 0.03

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01252j


Table 6 Radionuclides activity concentration of tested TMW

Radionuclide
Activity concentration
[Bq l−1] Radionuclide

Activity concentration
[Bq l−1]

137Cs <0.012 40K 0.23 � 0.03
226Ra 0.50 � 0.04 222Rn 0.23
228Ra 0.44 � 0.04 3H <2.2
238U <0.1 90Sr <0.32

Fig. 2 Results of fractionation of NOM from thermal mineral water
Novi Bečej (FAF-fraction of fulvic acid, HAF-fraction of humic acids,
HPI-A-hydrophilic acid fraction, HPI-NA-hydrophilic non-acidic
fraction).
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detected, which indicates the suitability of this TMW as an
ingredient of a cosmetics products. However, caution should be
made when using TWs for these purposes as, depending on the
geology of the area, groundwater can oen contain radon above
the recommended level of 100 Bq l−1 for the monitoring of
radioactivity in drinking water.87 Various studies carried out in
the EU Member States87 have shown that the radon concentra-
tion in groundwater can vary between 1 and 50 Bq l−1 for wells
in sedimentary rock, between 10 and 300 Bq l−1 for wells dug
into the ground and between 100 Bq l−1 and 50 000 Bq l−1 in
granite and metamorphic rock with high uranium concentra-
tions. Of course, there are large differences in radon concen-
trations in groundwater and monitored wells within geological
regions, as well as in the usual seasonal variations of radon (at
the end of fall and in winter, these concentrations are mainly
due to pressure and temperature variations).

3.3. Results of the determination of the acute toxicity

The Artemia Salina test on water craysh is an animal test and
as such was used to assess the acute toxicity of TMW to evaluate
it for recreational purposes (swimming pool). The result of the
mentioned test can be considered as an additional source of
information for evaluating the suitability of TMW for use in
cosmetic products. The results obtained showed that the tested
TMW in the ARC test had no toxic effect on Artemia salina.

Since the Artemia salina test evaluates acute toxicity, it would
be useful to perform additional toxicity tests. Water itself as
a raw material for the manufacture of cosmetic products is
difficult to subject to a standard combination of genotoxicity
tests (Bacterial Reverse Mutation Test (Ames) (Organization for
Economic Co-operation and Development (OECD) 471),88 In
vitro Micronucleus Test (OECD 487)89 or Reconstructed Skin
Micronucleus Test (RSMN)90) used in the testing of cosmetic raw
materials and products due to its aggregate state. However, the
tests mentioned can also be performed on nished cosmetic
products if required.

Even though the detected TMW compounds are expected to
have positive effects, it should be kept in mind that they can
pose a risk to human health. In this context, the values of
parameters whose concentrations must not exceed the limits
laid down in the legislation62 are sodium, iron, ammonia and
DOM. When discussing the toxicological acceptability of tested
TMW as a cosmetic ingredient, these parameters should be
evaluated in terms of their systemic toxicity (acute toxicity,
dermal and oral absorption, mutagenicity and genotoxicity,
carcinogenicity, subchronic and chronic oral toxicity, repro-
ductive toxicity and teratogenicity, endocrine disrupting
© 2025 The Author(s). Published by the Royal Society of Chemistry
activity) together with their skin and eye irritation and skin
sensitization. The presence of other detected components can
be considered safe as their concentrations are considered
acceptable for human ingestion, but their presence should be
questioned due to the possibility of causing skin irritation and
sensitization.
3.4. Fractionation of the NOM results

Results obtained by fractionation of NOM isolated from tested
TMW are presented in Fig. 2.

Both the elemental composition and the group composition
can be used to characterize HS. The elemental composition of
HS is usually about 40–60% C, 30–50% O, 4–5% H, 1–4% N, 1–
2% S and 0–0.3% P.91 If the group composition of HS is used to
characterize them, it is possible to determine their possible
chemical interactions and structural properties. HA consists
mainly of phenolic groups, quinones, aromatic rings with
conjugated double bonds and long-chain carboxylic acids (C12–
C18), that make them hydrophobic. FA consists mainly of ether,
amine and aldehyde functional groups, aliphatic carbons,
nitrogen-containing compounds such as proteins, sugars and
amino acids and have a higher content of polar groups (carboxyl
groups), that make FA hydrophilic. The presence of different
functional groups gives the specic NOM the possibility to form
both hydrophilic and lipophilic interactions with different parts
of the molecule, that forms the basis for many possible inter-
actions with the environment. The results obtained for the
tested TMW show that the NOM are predominantly hydro-
phobic and that the FAF fraction of FA dominates in it (61%),
RSC Adv., 2025, 15, 17755–17775 | 17761
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while the content of HAF fractions of HA is signicantly lower
(13%). The hydrophilic fraction consists equally of the acidic
(HPI-A) and the hydrophilic non-acidic fraction (HPI-NA) with
13% each (Fig. 2).
3.5. Results of the cheminformatic and bioinformatic
analysis of HA and FA

The application of cheminformatics and bioinformatics tools
can facilitate the exploration and utilization of natural products
in various industries, including health and personal care
products. Such tools can be used to study the molecular
composition and structural features and predict the biological
activities that are critical for the desired effect. HA and FA, with
Table 7 Overview of key chemical properties of HA and FA derived from

Humic acid

Chemical structure depiction

International union of pure and applied chemistry
(IUPAC) name

2-Nitrobicyclo[2.
dicarboxylic acid

Canonical simplied molecular input line entry system
(SMILES)

C1C2C]CC1C(C
(]O)[O−]

Molecular formula C9H9NO6

Molecular weight (g mol−1) 227.17
Hydrogen bond donor count 2
Hydrogen bond donor count 6
Rotatable bond count 2
Topological polar surface area (Å2) 120
Formal charge 0
Molar refractivity 52.36
log Po/w (iLOGP) 0.05
log Po/w (XLOGP3) 0.05
log Po/w (WLOGP) −0.01
log Po/w (MLOGP) −0.48
log Po/w (SILICOS-IT) −2.38
Consensus log Po/w −0.56
log S (ESOL) −1.08
Solubility 1.88 × 101 mg m
Class Very soluble
log S (Ali) −2.13
Solubility 1.68 × 10 mg m
Class Soluble
log S (SILICOS-IT) 1.22
Solubility 3.74 × 103 mg m
Class Soluble
GI absorption High
BBB permeant No
P-gp substrate No
CYP1A2 inhibitor No
CYP2C19 inhibitor No
CYP2C9 inhibitor No
CYP2D6 inhibitor No
CYP3A4 inhibitor No
log Kp (skin permeation) cm s−1 −7.65

17762 | RSC Adv., 2025, 15, 17755–17775
their complex structures and diverse bioactive properties, are
promising candidates for such analysis. This evaluation can
help to explore the development of potential humic-based
products, how they could be used and what effects HA and FA
could have to guide the early stages of product development.

Table 7 provides an overview of the chemical properties of
HA and FA that are critical to understanding their potential as
bioactive ingredients in cosmetic formulations. HA are complex
mixtures consisting of a variety of compounds with different
structures. For this analysis, we selected the representative
structures of HA and FA from known databases. HA has
a simpler structure, and a lower molecular weight (227.17 g
mol−1) compared to FA (308.24 g mol−1). Both acids have high
solubility, with HA being very soluble and FA being soluble, with
Pubchem database, important for predicting their bioactive potential

Fulvic acid

2.1]hept-5-ene-2,3- 3,7,8-Trihydroxy-3-methyl-10-oxo-1,
4-dihydropyrano[4,3-b]chromene-9-
carboxylic acid

2C(]O)O)(C(]O)O)[N+] CC1(CC2]C(CO1)C(]O)C3]C(O2)
C]C(C(]C3C(]O)O)O)O)O
C14H12O8

308.24
4
8
1
134
0
73.21
1.39
0.28
0.53
−0.77
1.19
0.53
−2.20

l−1; 8.28 × 10−2 mol l−1 1.95 × 10 mg ml−1; 6.34 × 10−3 mol l−1

Soluble
−2.73

l−1; 7.38 × 10−3 mol l−1 5.77 × 10−1 mg ml−1; 1.87 × 10−3 mol l−1

Soluble
−2.19

l−1; 1.64 × 101 mol l−1 1.98 × 10 mg ml−1; 6.43 × 10−3 mol l−1

Soluble
High
No
No
No
No
No
No
No
−7.98

© 2025 The Author(s). Published by the Royal Society of Chemistry
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HA having higher solubility in various measurements. In terms
of lipophilicity, FA has a slightly higher log Po/w consensus value
(0.53) compared to the negative value of HA (−0.56), suggesting
that FA is slightly more lipophilic. Both compounds have a high
topological polar surface area and exhibit high gastrointestinal
absorption, but neither is permeable to the blood–brain barrier
and acts as a P-glycoprotein substrate. In addition, neither
compound inhibits the major cytochrome P450 enzymes
(CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4), suggesting
a minimal risk of drug–drug interactions. The skin permeation
potential, indicated by log Kp values, is low for both acids, with
FA having a slightly lower skin permeability. These properties
underline the suitability of HA and FA as safe and effective
bioactive ingredients for topical application in cosmetic prod-
ucts, especially in formulations targeting skin health and
protection.

The descriptors obtained via SwissADME support the suit-
ability of HA and FA for topical application. Their high water
solubility, combined with low skin permeability (log Kp values of
−7.65 for HA and −7.98 for FA), suggests limited systemic
absorption, which is desirable for dermally applied ingredients.
The relatively high TPSA values (120 Å2 for HA and 134 Å2 for FA)
are consistent with low transdermal bioavailability and favor
retention in the supercial skin layers. Their balanced lip-
ophilicity, as indicated by consensus log Po/w values (−0.56 for
HA and 0.53 for FA), points to the potential for interaction with
both hydrophilic and lipophilic components of the stratum
corneum.

HA has been reported to chelate a variety of metal ions,
including both heavy metals and trace elements. Metals such as
copper (Cu), zinc (Zn), lead (Pb), cadmium (Cd), nickel (Ni), iron
(Fe), calcium (Ca), magnesium (Mg), aluminum (Al), uranium
(U) and various lanthanides are known to form complexes with
HS. Chelate formation occurs primarily through the interaction
of metal ions with functional groups such as carboxyl and
phenolic groups, which are abundant in HA.92 In addition to
metal ions, HS can also interact with metal oxides, metal
hydroxides and complex minerals. The mechanisms of these
interactions are described as ion exchange, surface adsorption,
chelation, coagulation and peptization, whereby organometallic
compounds are also formed. Of the different functional groups
present in the molecular structure of HS, the oxygen-containing
carboxyl and phenolic groups are the most important for metal–
NOMbonding,93 which is strongly inuenced by pH. At high pH,
there is increased deprotonation of functional groups, giving
them a negative charge (phenolic groups are likely to be
deprotonated), resulting in an increased number of available
binding sites for ligands. Carboxyl groups dissociate at lower
pH values than the phenolic groups, leading to a negative
charge on the surface of the molecular structure with many
different possible outcomes for the counterions with which they
can interact. Surface complexation models have been developed
to predict metal speciation in the environment (NICA and
Donnan models).94 The ability of HA to bind metal ions is
approximately equal to the number of titratable H+ ions divided
by the valence of the metal ion.95 FA has more oxygen-
containing functional groups than HA, so it binds metal ions
© 2025 The Author(s). Published by the Royal Society of Chemistry
more easily96 and forms stronger bonds compared to other HS.97

The interactions of HS with heavy metals are important as they
can immobilize heavy metals in the environment and reduce
their environmental toxic effects. HA has also been reported to
affect the uptake of micronutrients by plants98,99 In contrast to
the reported positive effects, the question remains whether the
HA–metal complexes could pose a potential threat, as certain
organometallic complexes may be more toxic than their corre-
sponding parent compounds.

FA has a unique structure that contributes to its special
properties. It is involved in the transport of nutrients and
minerals into cells and has antioxidant, anti-inammatory and
immunomodulatory properties. Due to its numerous functional
groups, including carboxyl, hydroxyl, ketone and phenolic
groups, FA can act as a natural electrolyte, maintaining the
electrical balance of cells and promoting efficient nutrient
absorption. In addition, the structural diversity and high oxygen
content provide signicant antioxidant capabilities, allowing FA
to scavenge free radicals and protect cells from oxidative
damage.100

The antioxidant effect of HS is mainly attributed to the
presence of phenol and quinone functional groups.101

Depending on the redox state of the system, HS can act as
electron donors or acceptors.102 Phenolic components, which
include mono- and polyhydroxylated benzene units, have anti-
oxidant properties.103 Numerous studies on quantication of
the antioxidant activity of HS originating from different envi-
ronments can provide information on the parameters impor-
tant for the process. Aquatic HS have a higher electron donor
capacity than terrestrial HS with comparable aromaticity.104 The
most active representative, peat FA enriched with phenolic and
sugary HS, has a pronounced antioxidant activity against per-
oxyl radicals, with antioxidant capacity values reaching those of
ascorbic acid and vitamin E.101 In contrast to positive antioxi-
dant effect, quinone groups as intermediates can also lead to
possible formation of toxicologically unwanted compounds,
which is a question of interest for further analysis.

In the eld of agriculture, a comprehensive study on the
antioxidant activity of HS has shown that it can help eliminate
oxidative damage caused by various substances. For example,
HA mitigated the negative effects of Cd-induced oxidative
damage in wheat roots through the regulation of growth,
osmotic adjustment, radical accumulation and the action of
antioxidant systems.105 The results of in vitro studies conducted
with HA from natural sources showed the potential of these
substances as promising immunity-enhancing agents when
they are involved in redox regulation and recharge the antioxi-
dant defense mechanism by reabsorbing radicals.106 In addi-
tion, HS, when used as additives in agriculture, have been
reported to boost antioxidant levels in plants.

There are numerous studies in literature that emphasize the
potential clinical relevance of HA and FA.107–112 Antimicrobial,
antifungal, anti-inammatory, antiviral, antibacterial and UV-
protective effects are reported as biological effects. The anti-
viral spectrum of HS includes hepatitis B,113 Epstein Barr
virus,110 Coxsackie virus A9,111 herpes simplex virus type 1.112

The anti-inammatory effect was demonstrated in the rat paw
RSC Adv., 2025, 15, 17755–17775 | 17763
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Table 8 Genes whose expression is modulated by HA and FA

Interacting genes

Humic acid NOS2, PTGS2, PLG, BAX, BCL2, CASP9, IL1B, RB1, AHR, AKT1, CASP8,
CAT, CYP1A1, HSP90AA1, HSP90AB1, MAPK1, MAPK3, MMP9, NOS3,
TNF, TP53, CASP3, CASP6, CCND1, CDK2, CDK4, CYCS, HMOX1, ITGA2,
JUN, MMP2, NFE2L2, NFKBIA, PTK2, RELA and VEGFA

Fulvic acid MAPK8, MAPT, PTGS2, APP, BMP2, BMP6, CCL11, COL1A1, COL2A1,
CXCL8, FAS, FLT3, GBP3, IL12RB1, IL13, IL13RA1, IL6, INHBC, IRF8,
ITGA2, ITGAM, MAPK1, MAPK3, MAPK9, MS4A2, RELA and SELL
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edema model.114 FA at a concentration of 0.5% improves the
wound healing process due to its unique anti-inammatory and
neovascularizing properties at the skin wound site.81 A study in
mice showed that topical FA is a potential therapeutic agent for
atopic dermatitis.115 A study in rats showed that oral adminis-
tration of FA appears to prevent stress-induced oxidative
damage to the rat stomach caused by water avoidance.116 In
a double-blind study, a carbohydrate-derived FA showed potent
activity against fungal pathogens with lower minimum inhibi-
tory concentration values, while the inammatory response
mediated by the cytokine interleukin 6 was signicantly
inhibited.117 Carbohydrate-derived FA was highly active against
all oral bacteria tested, including Porphyromonas gingivalis,
with a sessile minimum inhibitory concentration of 0.5%. This
concentration has been shown to kill biolms of multiple
species by approximately 90%, a value comparable to
chlorhexidine.118

The expression of several genes has been reported to be
modulated by HA and FA, potentially affecting various biolog-
ical signaling pathways and cellular processes (Table 8).
Fig. 3 Humic acid affected pathways fold enrichment: significance levels
as presented. Number of genes associated with each pathway are indica

17764 | RSC Adv., 2025, 15, 17755–17775
Fig. 3 represents fold enrichment of various pathways in
relation to the number of genes involved that are modulated by
HA. The colors indicate the signicance levels (−log 10 of FDR –

false discover rate), and the size of the points represents the
number of genes associated with each pathway. Identied
pathways can be grouped into cancer-related pathways (small
cell lung cancer, pancreatic cancer, prostate cancer), inam-
matory pathways (IL-17 signaling, apoptosis, uid shear stress
and atherosclerosis), infection pathways (measles, hepatitis B
and C, Epstein–Barr virus, Salmonella, HPV) as well as meta-
bolic and resistance pathways (AGE-RAGE signaling in diabetes,
endocrine resistance). For topical applications of cosmetic
products containing HA, the relevance lies in its potential to
modulate the IL-17 signaling pathway. Given the role of IL-17 in
skin inammation and immune response, HA could reduce
local inammation, enhance skin barrier function, and provide
therapeutic benets in conditions like dermatitis or acne. This
aligns with the anti-inammatory properties suggested by its
interaction with pathways related to immune modulation and
infection response. The listed modulated genes were also used
to construct a protein–protein interaction (PPI) network using
(−log 10 of FDR – false discover rate) are indicated by different colours
ted by different sizes of points.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Protein–protein interaction network for HA gathered using the STRING database. Nodes labelled with gene names presents the proteins.
Lines and edges present the interaction between the proteins. 35 proteins and 547 interactions are detected in the network.
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the STRING database.119 The obtained PPI network (Fig. 4) is
represented by the proteins (nodes, labeled with its gene name)
and interactions between these proteins (lines or edges).

There are 35 proteins in the network with 547 interactions.
Key proteins affected by the HA can be grouped into the
following categories:

(1) Inammation and immune response proteins: TNF
(Tumor Necrosis Factor), IL1B (Interleukin 1 Beta), NF-kB
(Nuclear Factor Kappa-light-chain-enhancer of activated B
cells), and NOS2 (Nitric Oxide Synthase 2). These proteins are
critical regulators of inammation. HA's interactions with these
proteins suggest it could have potent anti-inammatory effects.
This makes HA a promising ingredient in products designed to
soothe skin irritation, reduce redness, and manage inamma-
tory skin conditions like acne or rosacea.

(2) Oxidative stress and antioxidant defense proteins: CAT
(Catalase), SOD2 (Superoxide Dismutase 2), GPX1 (Glutathione
Peroxidase 1), and NFE2L2 (Nuclear Factor, Erythroid 2 Like 2)
that play a key role in the body's defense against oxidative
stress. HA may enhance the activity or expression of these
antioxidant enzymes, providing protection against free radicals.
© 2025 The Author(s). Published by the Royal Society of Chemistry
(3) Cell growth, proliferation and apoptosis regulation
proteins: BCL2 (B-cell lymphoma 2), CASP3 (Caspase 3), CASP6
(Caspase 6), CDK2 (Cyclin-Dependent Kinase 2), CDK4 (Cyclin-
Dependent Kinase 4), AKT1 (Protein Kinase B), MAPK1
(Mitogen-Activated Protein Kinase 1), and JUN (c-Jun) involved
in regulating cell survival, proliferation, and programmed cell
death (apoptosis). HA's interactions with these proteins could
promote balanced cell turnover, potentially aiding in skin
renewal and rejuvenation. This is benecial in cosmetic
formulations aimed at reducing signs of aging, such as wrinkles
and ne lines, and promoting overall skin health.

(4) Skin barrier and regeneration proteins: MMP2 (Matrix
Metalloproteinase 2), MMP9 (Matrix Metalloproteinase 9),
COL1A1 (Collagen Type I Alpha 1 Chain), ITGA2 (Integrin
Subunit Alpha 2), and PTK2 (Protein Tyrosine Kinase 2). These
proteins are involved in skin matrix remodelling, collagen
production, cell adhesion, and migration. Humic acid's inu-
ence on these proteins suggests it could help maintain the
structural integrity of the skin, improve skin elasticity, and
support wound healing. This makes it potentially useful in anti-
RSC Adv., 2025, 15, 17755–17775 | 17765
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aging creams, rming serums, and products for skin repair and
rejuvenation.

(5) Detoxication and environmental stress response proteins:
CYP1A1 (Cytochrome P450 1A1) – protein involved in metabo-
lizing and detoxifying environmental pollutants and chemicals.
HA's interaction with CYP1A1 suggests it could help protect the
skin from environmental stressors such as pollutants and UV
radiation.

(6) Stress response proteins: HSP90AB1 (Heat Shock Protein
90 Alpha Family Class B Member 1), HSP70 (Heat Shock Protein
70), and other HSPs (Heat Shock Proteins). Since that these
proteins play a role in protecting cells under stress conditions,
such as heat, UV radiation, or pollution, HA may upregulate
them, enhancing the skin's resilience to external stressors and
preventing damage, which is valuable in sunscreens, aer-sun
care, and pollution-protection skincare products.

(7) Angiogenesis and microcirculation proteins: VEGFA
(Vascular Endothelial Growth Factor A) which is involved in
blood vessel formation could help enhance skin healing and
rejuvenation by improving microcirculation. HA's interaction
with VEGFA suggests it could promote a healthy blood supply to
the skin.

Fig. 5 represents fold enrichment of various pathways in
relation to the number of genes modulated by FA.

Identied pathways can be grouped into inammatory
pathways (IL-17 signaling, TNF signaling, Th1 and Th2 cell
differentiation, Th17 cell differentiation, and toll-like receptor
signaling), infection-related pathways (pertussis, Yersinia
infection, Kaposi sarcoma-associated herpesvirus infection,
pathogenic Escherichia coli infection, and tuberculosis), meta-
bolic and disease pathways (AGE-RAGE signaling in diabetic
complications, lipid and atherosclerosis, Alzheimer's disease),
Fig. 5 FA affected pathways fold enrichment. Significance levels (−log
presented. Number of genes associated with each pathway are indicate

17766 | RSC Adv., 2025, 15, 17755–17775
and cell signaling pathways (cytokine–cytokine receptor inter-
action, Fc epsilon RI signaling). The involvement of FA in the IL-
17 signaling pathway, which is also signicantly modulated by
HA, suggests its synergistic anti-inammatory effect, which
could be exploited in the products for topical application on the
skin. Additionally, FA's modulation of other immune-related
pathways, such as TNF signaling and Th cell differentiation,
further supports its role in controlling inammation and
enhancing the skin's immune defense mechanisms. This
complements HA's similar effects on immune modulation,
potentially making the combination of both acids particularly
effective in soothing inamed skin, managing acne, and pro-
tecting against environmental stressors. The enriched
infection-related pathways suggest that FA may have antimi-
crobial properties, helping to defend the skin against various
pathogens. This complements the potential of HA to inuence
infection response pathways, making the combination bene-
cial for maintaining a healthy skin microbiome and reducing
the risk of infections or irritation caused by bacteria and
viruses.

The listed modulated genes were also used to construct a PPI
network using the STRING database.119 The obtained PPI
network (Fig. 6) contains 26 proteins in the network with 186
interactions.

Key proteins affected by the HA can be grouped into the
following categories:

(1) Inammation and immune response proteins: IL6
(Interleukin 6), IL13 (Interleukin 13), CXCL8 (C-X-C Motif
Chemokine Ligand 8), RELA (v-rel avian reticuloendotheliosis
viral oncogene homolog A), and FAS (Fas Cell Surface Death
Receptor). These proteins play signicant roles in regulating
inammation and the immune response. FA's interactions with
10 of FDR – false discover rate) are indicated by different colours as
d by different sizes of points.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Protein–protein interaction network for FA gathered using the STRING database. Nodes labelled with gene names presents the proteins.
Lines and edges present the interaction between the proteins. 26 proteins and 186 interactions are detected in the network.
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these proteins suggest it could have potent anti-inammatory
effects, like HA.

(2) Skin barrier and regeneration proteins: COL1A1
(Collagen Type I Alpha 1 Chain), COL2A1 (Collagen Type II
Alpha 1 Chain), ITGA2 (Integrin Subunit Alpha 2), and ITGAM
(Integrin Subunit Alpha M) which are involved in skin matrix
remodeling, collagen production, and cell adhesion. FA's
interaction with these proteins suggests it could help maintain
the structural integrity of the skin, improve skin elasticity, and
support wound healing, much like HA.

(3) Oxidative stress and antioxidant defense proteins: MAPK1
(Mitogen-Activated Protein Kinase 1), MAPK3 (Mitogen-
Activated Protein Kinase 3), and MAPK8 (Mitogen-Activated
Protein Kinase 8) – proteins important in cellular responses to
oxidative stress. FA may help modulate the MAPK signaling
pathways, enhancing the skin's ability to counteract oxidative
damage caused by environmental stressors.

(4) Cell growth, proliferation and apoptosis regulation
proteins: BMP2 (Bone Morphogenetic Protein 2), BMP6 (Bone
Morphogenetic Protein 6), and APP (Amyloid Precursor
Protein). As they are involved in regulating cell differentiation,
© 2025 The Author(s). Published by the Royal Society of Chemistry
growth, and apoptosis FA's interactions with them could
support balanced skin cell turnover, contributing to skin
renewal and rejuvenation.

(5) Stress response and immune modulation proteins: IRF8
(Interferon Regulatory Factor 8) and SELP (Selectin P). These
proteins are involved in regulating immune responses and
mediating cellular responses to stress. FA's effects on these
proteins suggest it may enhance the skin's resilience against
external stressors, providing a protective effect against pollution
or UV radiation.

(6) Detoxication and antimicrobial response proteins:
INHBC (Inhibin Subunit Beta C) and MS4A2 (Membrane
Spanning 4-Domains A2) which are involved in detoxication
processes and responses to external microbial threats. FA may
help the skin detoxify and protect itself against harmful
microbes, which could be advantageous in formulations aimed
at reducing acne-causing bacteria and maintaining a healthy
skin microbiome.

Based on performed analysis, it could be assumed that HA
and FA could exert a synergistic effect when used together due
to their combined interactions with overlapping signalling
RSC Adv., 2025, 15, 17755–17775 | 17767
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pathways and proteins related to inammation, oxidative
stress, cell growth and skin barrier function. Both acids
modulate the IL-17 signalling pathway, collagen-related
proteins (COL1A1) and oxidative stress proteins (MAPK1,
MAPK3), enhancing their anti-inammatory, antioxidant and
skin-repairing properties.
3.6. Results of the safety assessment of TMW as cosmetic
ingredient

Compared to puried water, TMW contains additional
compounds that should be evaluated toxicologically as equal
ingredients. When discussing the potential systemic toxicity of
TMW, compounds whose concentrations do not exceed the
limits dened as safe for human consumption62,87 can be
considered safe. There is no need for their further analysis, as
the exposure from drinking water is much higher than the
exposure from cosmetic products. The compounds whose
concentration exceeds the limits dened as safe for human
consumption62 are sodium, iron, ammonium and DOM and
require further risk assessment in case of their potential use
through dermal application. Potentially present humic-metal
complexes were not discussed, as well as the possible contri-
bution of quinone groups.

3.6.1. Toxicological proles of the substances. Sodium,
iron, ammonium, HA and FA are substances that have under-
gone toxicological analysis. Skin sensitization from contact with
metal ions has been described in the literature following
exposure to nickel, gold, cobalt and chromium,120,121 so it is not
expected to occur with sodium and iron. Furthermore, sodium
and iron do not belong to the group of toxic metals whose
presence in cosmetic products, as both intentionally added
ingredients and those whose presence as unavoidable impuri-
ties, would pose a serious risk is prohibited by the EU Cosmetics
Regulation10 – cobalt (Co), antimony (Sb), chromium (Cr),
mercury (Hg), arsenic (As), cadmium (Cd), nickel (Ni) and lead
(Pb).

Sodium is present in body uids as an electrolyte (Na+). It is
an abundant cation in the extracellular uid. Cases of excess
sodium in the body due to dietary sodium intake are not
common. Acute toxicity may occur with high sodium exposure
through ingestion or other means. High levels of sodium in the
body can lead to an expansion of extracellular uid and an
increase in blood pressure.122 The World Health Organization
(WHO) recommends that adults consume less than 5 g of
sodium chloride per day (equivalent to less than 2 g of sodium
per day).123 The European Food Safety Authority (EFSA) Panel
considers that 2 g of sodium per day is a safe and adequate
intake for the general adult population of the EU.124

Consumption of a high-salt diet resulted in hypertension in
female Sprague-Dawley rats.125 Also, in rats fed a low-salt diet
(sodium chloride 157 mg per kg bw per day), there was no
corresponding increase in blood pressure with age. The effects
of sodium ion on reproduction were studied in three strains of
pregnant rats (SHR, WKY and Sprague-Dawley) fed a diet con-
taining either 0.4 or 8.0% sodium chloride (208 and 4196 mg
sodium per kg bw per day) throughout gestation and
17768 | RSC Adv., 2025, 15, 17755–17775
lactation.126 Their offspring were also fed a low-sodium or high-
sodium diet, the pregnancy rate was lower in the high-sodium
groups. SHR pups fed the high sodium diet from high salt
mothers had signicantly higher blood pressure at 11.5 weeks
than the offspring of all other groups and had high morbidity
and mortality from peripheral capillary hemorrhage and stroke.
In all rat strains studied, the maternal high-salt diet caused
postnatal growth depression. No effects on development were
observed in the offspring of pregnant mice, rats or rabbits given
oral doses of sodium chloride equivalent to 189, 147 or 147 mg
sodium per kg bw on days 6–15 (mice and rats) or 6–18 (rabbits)
of gestation.

Iron is an essential biological component important for the
synthesis of hemoglobin and therefore involved in oxygen
transport. Iron exists in its ionic form in two oxidation states
(Fe2+ and Fe3+), which can be converted into each other by the
uptake or release of an electron in the cascade of oxidative
reactions that can trigger oxidative damage in cells. An acute
oral dose of 60 mg Fe per kg bw can be fatal. Symptoms of acute
poisoning include nausea, vomiting, lethargy, then an asymp-
tomatic phase of up to 24 hours, followed by gastrointestinal
perforation, coma, convulsions, cardiovascular collapse and
liver and kidney failure.127,128 Oral doses below 10–20 mg Fe per
kg bw per day do not cause acute systemic toxicity.129 Side effects
of oral iron supplementation have been reported with gastro-
intestinal, cardiovascular and metabolic disturbances. Ferrous
sulfate heptahydrate was evaluated for oral toxicity in
a combined OECD repeated dose and reproductive/
developmental toxicity screening test in rats under GLP at
doses of 0, 30, 100, 300 and 1000 mg per kg per day.130 Based on
extramedullary hematopoiesis of the spleen in males at 300 mg
kg−1 and elevated levels of inorganic phosphate in females at
300 mg kg−1, the oral NOAEL for repeated dose toxicity was
100 mg per kg per day, equivalent to 20 mg Fe per kg bw per day
for both sexes. In an OECD TG422 study, ferric chloride was
administered by oral gavage at doses of 0, 125, 250 or 500 mg
per kg per day for up to 42 days in male rats and 42–54 days in
female rats; deaths were observed at 500 mg kg−1. The NOAEL
was set at 125 mg per kg per day for males and females, which
corresponds to 55 mg Fe per kg.130 Most Ames tests performed
with iron salts are negative. Iron salts are not mutagenic in
vivo.130 No increase in tumor incidence was observed in rats
consuming ferric chloride in drinking water at doses of up to
320–340 mg per kg bw per day (110–117 mg Fe per kg bw per
day) for two years. Epidemiologic studies have provided no
evidence of increased cancer risk in human populations with
increased dietary iron intake or clinical supplementation.130

The risk for various cancers may be increased, if at all, only by
increased intake of heme iron, not total or supplemental iron.131

Although sensitization tests have yielded mixed results, there is
no convincing or reliable evidence of iron sensitization.130

In an aqueous solution, the majority (>90% below pH 8) of
ammonia is present in the protonated form ammonium (NH4+)
at equilibrium.132 Ammonia is an indirect source of nitrogen for
living organisms. All mammalian species produce ammonia in
amounts of 3–4 g per day, 43–57mg per kg bw per day for a 70 kg
adult,133 through the bacterial breakdown of nucleic acids and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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amino acids in the gut. Most of the endogenously produced
ammonium in the gastrointestinal tract is then absorbed and
transported to the liver.132 Positively charged ammonium has
limited mobility in the organism, but ammonia in equilibrium
with ammonium under physiologic conditions can diffuse
across cell membranes, including the blood–brain barrier, and
distribute throughout tissues.133 An LD50 of 1300 mg per kg bw
(equivalent to 437 mg ammonium per kg bw) was observed in
male mice aer a single administration of ammonium chloride
in water.134 Ammonia is considered safe in terms of develop-
mental or reproductive toxicity or carcinogenicity and has low
acute oral toxicity.132 Repeated exposure to ammonium chloride
in laboratory animals leads to secondary effects of hyper-
chloremic metabolic acidosis (decreased bw, decreased pH in
blood and urine, increased serum calcium levels associated
with bone demineralization, enlargement of the kidneys and
hypertrophy of the adrenal glands). These secondary effects are
also observed with other substances that induce metabolic
acidosis and are therefore not specically related to ammo-
nium.132 In rats chronically exposed to ammonium sulfate,
a slight increase in liver and kidney weight was observed at
415 mg per kg bw per day, which is considered of little toxico-
logical relevance.132

FA is taken orally in the form of various dietary supplements
that are available on the market. It is not easy to assess the
toxicology of an FA, as chemical and structural differences may
occur depending on the source of FA extraction. However,
several studies have been conducted with FA extracted from
different sources, which can provide an important basis for an
evaluation. In an acute oral toxicity study of FA from peat (OECD
423), the animals tested were found to be safe at a dose of
2000 mg per kg bw per day.135 The results of the MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) test
using the same FA show that FA does not have cytotoxicity,
suggesting its compatibility with mammalian cells.135 Subacute
oral repeated dose toxicity studies with the same FA derived
from peat were conducted (OECD 407) in rodents for 28 days,
with a single dose of 1000 mg kg−1 tested. The results showed
that FA had neither a toxic nor a lethal effect.135 In a 60-day
subchronic oral study in rats, FA fromweathered coal was tested
at doses of 0, 200, 1000 or 5000 mg per kg per day. The NOAEL
was determined to be the highest dose tested (5000 mg per kg
bw per day, which corresponds to a puried FA of 625mg bw per
day).136 The same FA was used in an in vitro bacterial reverse
mutation test, an in vivo mammalian erythrocyte micronucleus
test, and a mouse sperm abnormality test, which were selected
Table 9 Chosen PoD values and calculated concentrations, SED, and M

Compound
Concentration in
the product (%) SED

Sodium 0.0476 0.005745
Iron 0.0000269 0.0000032
Ammonia 0.001072 0.000129
Humic acid 0.0012 0.00014
Fulvic acid 0.00546 0.000657

© 2025 The Author(s). Published by the Royal Society of Chemistry
together to evaluate the genotoxicity of FA, and the results
indicated that FA had no genotoxic effect.136 The U.S. Environ-
mental Protection Agency (EPA) considers that dietary exposure
to FA does not raise carcinogenicity concerns, and no cancer
risk assessment is required.137 In a developmental toxicity study
of carbohydrate-derived FA in rats, doses of 0 or 100–120 mg per
kg per day were used from 3 days before fertilization to 14 days
of age. The NOAEL for development was higher than the dose
used in the study (either 100 or 120 mg per kg bw per day).137 In
the human clinical toxicity evaluation study, FA is considered
safe at a daily dose of 1.8 g per adult.138

In healthy volunteers, FA derived from carbohydrates did not
induce sensitization when applied topically.139 In an acute skin
study with New Zealand albino rabbits, minimal eye and
minimal skin irritation was observed with the use of
carbohydrate-based FA.138 a 7-day dermal study was conducted
with female mice in which no adverse effects were observed.137

HA can be considered a precursor of FA and can therefore be
used as a substitute. In veterinary medicine, HA is used in
horses, ruminants, pigs and poultry in oral doses of 500 to
2000 mg per kg bw per day for the treatment of diarrhea,
dyspepsia and acute intoxications.140 HA are of low toxicity aer
oral administration. The LD50 in rats is greater than 11 500 mg
per kg bw.140 HA have not been shown to be mutagenic.137 FA
and HA preparations derived from a lignite deposit were not
mutagenic or clastogenic in the bacterial reverse mutation test,
the in vitro mammalian chromosome aberration test and the in
vivomammalianmicronucleus test, and the NOAEL inmale and
female rats was 2000 mg per kg bw per day, the highest dose
tested, aer 90 days of continuous exposure by gavage in rats.141

In a 30-day toxicity study in rats, oral doses of 100 mg per kg bw
per day of concentrated HA or its sodium salt had no effect on
behavior and caused no clinical disturbances. The same results
were obtained in dogs receiving daily doses of 300 mg per kg bw
for 90 days.140 Groups of 10 pregnant rats were treated orally
with 5000 mg sodium humate per kg bw per day on days 5 to 17
of gestation or with 1000 mg per kg bw per day on days 5 to 9 or
on days 11 to 15 of gestation. No teratogenic effects were
observed.140

Skin irritation and sensitization due to topical application of
HA have not been reported in the literature. On the contrary,
one case of anti-inammatory effect of HA from silt-sulde mud
preparations in allergic contact dermatitis in mice has been
reported.142

3.6.2. Exposure assessment. Cosmetic product selected for
risk assessment is a face cream. Usually face cream used by
oS values of the evaluated substances

PoD
(mg per kg bw per day) MoS

157 (ref. 126) 13 664
5 20 (ref. 132) 3 076 923

68 (ref. 143) 263 566
100 (ref. 141) 357 143
100 (ref. 138) 76 103.5
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adults has a water content of 80%, which was used to calculate
the hypothetical concentration of each substance assessed
(Table 9).

The risk characterization was performed by calculating the
SED and the MoS. For Relative daily exposure a value of 24.14 mg
per kg bw per day was taken in a rst-tier approach, according to
the guidelines.61 For dermal absorption (DA), 50% value is used in
a rst-tier worst case scenario. For oral absorption, 50% of the
administered dose is used as the default value in absence of other
data and therefore PoD was divided with a factor 2. Calculated
MoS values are higher than 100, based on the worst-case scenario
for dermal and oral absorption that indicates no toxicological
concern for each substance assessed.

4. Conclusion

The detailed analysis and observation of all aspects of the physico-
chemical properties including the benecial effects and toxico-
logical acceptability of TMW represents a comprehensive multi-
disciplinary process. For the investigated TMW originated from
Vojvodina (Republic of Serbia), the resulting physico-chemical
properties are promising regarding the expected biological
activity. The combination of prominent inorganic (SiO2, zinc,
copper, boron) and organic (HA, FA) compounds could have
a positive effect on the maintenance of skin integrity and
protection against environmental stressors. Through their syner-
gistic effects, they could be highly effective in multifunctional
skin care products targeting various skin issues such as aging,
inammation and environmental damage. TMW is a complex
system with multiple possibilities for its use as a biologically
active material on human skin. It would be benecial to conrm
obtained positive effects of TMW through a clinical study.

As far as the toxicological safety assessment is concerned, the
measurements of radioactivity, organochlorine pesticides and
heavy metals are acceptable as for drinking water. For the
substances whose concentration exceeds the acceptable levels for
drinking water, summary toxicological proles were drawn up
and exposure was assessed for each compound, excluding the
humic-metal complexes potentially present. The results of the
rst-tier safety assessment with MoS values above 100 indicate
safe use of the investigated TMW in a face cream used by adults.
The toxicological proles of the substances evaluated did not
include enough data on the reproductive and developmental
toxicity of the individual substances, so that TMW could not be
assessed as safe for use in pregnant and lactating women. The
possibility of a theoretical evaluation of the humic substance-
metal complexes and quinones that may be present according
to the concept of the threshold of toxicological concern (TTC)
should be considered. The toxicological risk assessment of TMW
is a comprehensive and challenging task with many issues to be
addressed, from qualitative and quantitative research to experi-
mental and theoretical toxicological evaluation.
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B. Dréno, In vitro modulation of keratinocyte wound
healing integrins by zinc, copper and manganese, Br. J.
Dermatol., 1999, 140, 26–34.

75 P. H. Lin, M. Sermersheim, H. Li, P. H. U. Lee,
S. M. Steinberg and J. Ma, Zinc in wound healing
modulation, Nutrients, 2018, 10, 1–20.

76 M. G. Mahoney, D. Brennan, B. Starcher, J. Faryniarz,
J. Ramirez, L. Parr and J. Uitto, Extracellular matrix in
cutaneous ageing: The effects of 0.1% copper-zinc
malonate-containing cream on elastin biosynthesis, Exp.
Dermatol., 2009, 18(3), 205–211, DOI: 10.1111/j.1600-
0625.2008.00783.x.

77 N. Chebassier, E. H. Ouijja, I. Viegas and B. Dreno,
Stimulatory Effect of Boron and Manganese Salts on
Keratinocyte Migration, Acta Derm. Venereol., 2004, 84,
191–194.

78 S. Afful, A. K. Anim and Y. Serfor-Armah, Spectrum of
organochlorine pesticide residues in sh samples from
the Densu Basin, Res. J. Environ. Earth Sci., 2010, 2, 133–138.
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