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Abstract 

The possibility of modifying the surface chemistry of materials, synthetizing inorganic particles in 
natural aqueous extracts of plants (at low temperature, avoiding calcination), opens the doors to 
undoubtedly very interesting scenarios for innovative functionalization strategies that are 
increasingly eco-sustainable and rich in interesting chemical-physical and biochemical properties. 
Among the aerial plant, Satureja montana exhibits interesting antibacterial, antifungal, antimicrobial 
and antioxidant activities due to the rich volatile and non-volatile compounds (as activators/phase 
controllers characterized by Gas Chromatography-Mass Spectrometry, GC-MS), contained in the 
aqueous extracts. For the first time, the aqueous extract of Satureja montana plant was applied for the 
green synthesis of TiO2 and CaCO3 particles, characterized by X-Ray diffraction (XRD), Raman, 
Infrared/IR spectroscopies, and Scanning Electron Microscopy-SEM/coupled by microanalysis EDX. 
Screening through antimicrobial assays under indoor passive sedimentation conditions showed 
opposite trends for both kind of inorganic particles. TiO2 Anatase spherical particles (400<φ<600 nm) 
increase microbial growth, proportionally to increasing particles concentration (dose-dependent 
response). Probably, the low surface area (1.20 m2/g), low porosity (pore volume 0.0023 cm3/g; pore 
size of 560 nm) and smooth spherical morphology, don’t provoke chemical or physical damages to 
microorganisms, and therefore microbial growth is not inhibited. This occurs in the presence of 
medium/low concentrations of ROS (oxygenated radical species), which are chemically active in 
generating oxidative stress and cell death. In fact, the chemically reactive defects found in these 
TiO2/Anatase particles are predominantly carbonyl in nature, less reactive than carboxylic ones in 
producing ROS. Instead, S. montana-functionalized CaCO3 prismatic microparticles (1µm x 1µm x 
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1µm) exhibit strong and dose-dependent antimicrobial activities, achieving near-complete inhibition 
at 50 mg mL−1. This could be related to the molecular activators/phase controllers that induced 
defects, edges, dislocations and chemical active surface functionalities on the prismatic calcite 
particles, making them capable of inhibiting microbial activity. In particular, the presence of carboxyl 
groups C=(O)-OH, recorded by FTIR on the prismatic surfaces of CaCO3 MPs/SM particles, could be 
responsible for the production of ROS, the latter known to be dangerous sentinels of oxidative stress 
and cell death. 

Keywords: Satureja montana; plant extract-functionalized microparticles; GC-MS extract analysis; 
oxygenated terpenoids as activator/phase controllers; Terpinene; Thymoquinone; Carvacrol; Thymol; 
L-Linalool; preliminary antimicrobial screening 
 

1. Introduction 

The possibility of synthesizing and especially functionalizing Micro and Nanomaterials in eco-
sustainable work environments certainly opens the doors to new and interesting possibilities in 
obtaining smart nanomaterials with extraordinary chemical-physical [1], biochemical [2] and medical 
properties [3] of great relevance. For a long time, surface chemistry has been exclusively concerned 
with predominantly chemical functionalization reactions. The great variety of natural substances, 
such as essential oils [4]and natural extracts [5] from medicinal plants [6], allows to obtain (on a large 
scale mass production) increasingly eco-friendly micro; and nanomaterials characterized by excellent 
properties/features of clinical-medical [7], environmental [8], Cultural Heritage 
restoration/conservation [9]and food packaging interest [10]. Recently, several interesting review 
papers provide innovative advancements in green synthesis strategies to produce eco-friendly 
materials, focusing on raw materials, their reaction mechanism and surface Chemistry, challenges 
involved in different application fields [11–13]. 

The strategies based on the green synthetic approach offer several advantages over traditional 
mechanism production of new materials (as reported in Scheme 1). Traditional chemical synthesis 
routes are the subject of debate (in the international scientific community) because they involve the 
use of chemical reagents with an environmental impact and also contribute to the production of 
others (such as secondary waste products present in large volumes) that are difficult to dispose of in 
the environment [14]. Furthermore, conventional chemical synthesis involves much higher costs than 
strategies based on natural substances, easily available in the environment (at low cost and/or zero 
cost) and with low impact on humans, surfaces, materials and the ecosystem. The great advantage of 
using natural substances, present in the ecosystem, also allows the adoption of synthetic procedures 
that do not require high temperatures, high working pressures and non-aqueous solvents (which 
often produce reaction waste with a high impact on operators/end-users and the work environment). 
The ease of finding natural substances and their abundance allows for scaling up production to an 
industrial level, thus designing and creating new materials ready to be launched on the market [15]. 
In particular, several scientific publications dated 2025 (current year) focus on the scalable production 
of micro; and nanomaterials from extracts, essential oils and derivatives of natural plants [16–25]. The 
main reason is related to plants’ widespread diffusion, to their medicinal and officinal properties, 
widely used in the past to heal, cure, nourish, purify (for example water) and to produce the colors 
used in classical Artworks (i.e., ancient Polychromy) [26]. 

The possibility of replicating processes that occur in Nature also represents a great scientific 
challenge because it would allow us to understand, simulate and reproduce completely spontaneous 
processes present in the World [27]. Not only that but simulating and reproducing many natural 
synthetic pathways would also guarantee the preservation of Nature and its vital processes, as well 
as the safeguarding of History (Our Past) through the care of Cultural Heritage (using the same raw 
materials, with which they were assembled in past eras of Human History) [28]. Among these new 
synthetic routes [16–25], those in which micro, and nanoparticles nucleate and subsequently grow, 
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simultaneously with the extraction of natural substances from plants, are very interesting. In fact, 
natural substances that also play the role of “templates in the green synthesis” of particles have 
enormous advantages over chemical and/or physical templates, because they do not have to be 
removed at the end of the synthesis and become part of the surface functionalization [29–38]. Indeed, 
natural substances (contained in plant extracts, essential oils and exudates) usually known as 
biochemical additives, play the main role of phase controllers during green synthesis approach. 

This new synthetic strategy is also fast on a time scale (no time consuming) because in a single 
reactive process the particles are produced from natural substances that shape them (in terms of 
shape, size and defects), also functionalizing them (in only “one pot green synthetic approach”). 

In this work, a simultaneous synthesis and functionalization process of TiO2 and CaCO3 
microparticles (MPs), starting from natural extracts of Satureja montana (SM), was optimized. 
Especially, Satureja montana plant species (which is native from the Mediterranean region and 
cultivated all over Europe, Russia, and Turkey [39,40]) has been selected because of interesting 
antimicrobial properties, the great potential synergism with antibiotics, anti-inflammatory, 
antibacterial, antifungal, and antioxidant features [41–45]. Recently, Rai et al. (2025) [46] demonstrate 
the high efficiency of the synergistic combinations with two well-known antibiotics (gentamicin and 
amphotericin B) and Essential Oils (EOs), this latter extracted from SM, against a panel of pathogenic 
bacteria and candida (responsible for the extensive formation of biofilms on polymaterial surfaces). 
Natural Plant Extracts (NPEs), EOs and phytochemicals represent a smart alternative strategy to 
control Salmonella biofilm formation [47]. Thymol, carvacrol, and eugenol, notably from different 
SM species, exhibit excellent antibiofilm activity, inducing stress-related proteins in Salmonella. 
Plant-derived extracts and phytochemicals (including plant extracts, essential oils, and purified 
phytochemicals, individually or combined ones) act against both planktonic and biofilm forms by 
disrupting biofilm formation, motility and surfaces adhesion. Phyto-synthesized microparticles offer 
a very promising approach, combating microbial biofilms while being cost-effective, environmentally 
friendly and highly compatible with the polymaterial surfaces to be treated and with the end-users 
[47]. Integrating plant extracts and synthetic microparticles demonstrates potential in addressing 
biofilm-related issues and antibiotic resistance (fundamental features for applications in the medical, 
pharmacological, nutritional fields and also for the conservation of Cultural Heritage). For this 
purpose, during the past time, Rinaldi et al. (2021) [48] optimized Nano-Emulsion (NEs) formulations 
to ensure food safety quality and counteract the antibiotic resistance of poultry associated E. coli, if 
applied in poultry farms. To improve the essential oils (EO) properties, oil in water Nano-Emulsions 
(NEs) composed of SMEOs (Satureja montana Essential Oils) and Tween-80 were synthetized, fully 
characterized, and their antimicrobial and antibiofilm properties assayed against Escherichia coli 
strains isolated from healthy chicken. Since surfactant and oil composition can strongly influence NE 
features and their application fields, a ternary phase diagram was evaluated to select the best 
surfactant/oil/water ratio composition. 

During 2021, Oliveira-Pinto et al. [49] combined SMEOS with the Zein microparticles (ZNPs) in 
an optimized formulation suitable to reduce the X. euvesicatoria (Xeu) amount, which is responsible 
for the Tomato Bacterial spot (Bs), and simultaneously to improve plants’ health, mainly for their 
antimicrobial activity on Xeu pathogens. In the following year 2022, the same authors Oliveira-Pinto 
et al. [50] report about the Nano clays production and characterization, such as Montmorillonite 
(NMT), demonstrating their excellent antimicrobial activities, or their role as delivery tools/stabilizers 
for organic compounds, such as natural extracts from plants and/or essential oils (EOs), which also 
exhibit antimicrobial activity against plant pathogens [50]. Results highlight that the NMT was able 
to reduce Xeu bacterial amount, while reducing ROS (Radical Oxygenated Species) production and 
keeping the transcript levels of the defense-related genes close to those of the control samples (used 
for comparison). Generally, the results show that NMT has a great potential to integrate Bs 
management approaches, considering its antimicrobial activity, and that EO and/or Nano clays could 
be successfully employed as new disease preventive strategies, since they enhance the healthy shoots’ 
defense, thus potentially reducing the pathogen establishment. 
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Currently, SM has never been used to synthesize/functionalize with its extracts, TiO2 and CaCO3 
microparticles (MPs) as done in this work, which for this reason is innovative (in terms of products 
synthesized and characterized). According to this, TiO2 nanoparticles (i.e., TiO2 NPs) have been 
previously synthetized and functionalized by applying Jasminum and Magnolia champaca flower 
extracts, as reported by Sangeetha et al. (2024) [51]. These authors demonstrate that NPs synthesis 
applying natural extracts/oils led to rutile phase of TiO2 NPs while chemical synthesis produced 
anatase phase. Green synthesis yielded larger crystallite size TiO2 compared to chemical synthesis, 
also enhancing the photoluminescence emission efficiency. In this current year 2025, Pham et al. [52], 
for the first time, fabricate innovative aqueous Nano Emulsions (NEs) based on anthraquinone-rich 
extract of P. cuspitaum and TiO2 nanoparticles, together with surfactants, evaluating the 
corresponding antifungal efficiencies, against the melon fungal diseases. At a concentration of 0.5%, 
the NE formulation completely inhibited the mycelial growth of Botrytis cinerea, Phytophthora spp., 
Fusarium oxysporum, Colletotrichum spp., Sclerotium spp., Rhizoctonia spp., and the germination of 
Eryshipe cichorasearum spores, respectively [52]. Other authors, as Wang et al. (2025) [53], develop a 
new chitosan-based nanocomposite films incorporating nano-TiO2 and Daisy Essential Oil for the 
preservation of Actinidia arguta (which represents a small fruit rich in many vitamins and minerals 
especially vitamin C is much higher than other fruits [54]. The films exhibited enhanced mechanical 
strength, antimicrobial activity, and antioxidant capacity. Application of these nanocomposite films 
on Actinidia arguta reveals significant improvements in weight loss, hardness, decay rate, total 
microbial count, respiration rate, soluble solids content, vitamin C, titratable acidity, and enzyme 
activities during food storage. Experimental data show that chitosan/nano-TiO2/DEO nanocomposite 
films effectively extend the shelf life and preserve the quality of Actinidia arguta, providing a 
promising strategy for the natural and eco-sustainable food preservation chain. 

According to these literatures, TiO2 particles described above have been synthetized by 
calcination treatments, carried out at high temperatures [55], instead, we propose a sustainable low-
temperature method (avoiding calcination), as already reported by Prof. Eckhart Wollenweber [56]. 
This latter, which allows to produce particles in the aqueous natural extracts of SM at lower 
temperatures, result useful to study exudate/extract flavonoids but without removing Volatile 
Organic Compounds (VOCs), which are responsible for the main antibacterial, antimicrobial, 
antifungal, antioxidant and photocatalytic properties, opening up a range of application 
opportunities in many industrial sectors. 

Even more innovative is the approach performed in this work, regarding the synthesis and 
functionalization of calcite microparticles (CaCO3 MPs) with SM extract (for the first time synthetized 
here). Indeed, starting from 2023 some authors such as Meydan et al. (2023) [57], describe the green 
synthesis of calcium carbonate nanoparticles (CaCO3 NPs), by applying the Gum Arabic, as a natural 
polymer for green synthesis. The synthesized CaCO3 NPs showed good photocatalytic activity to 
methylene blue (MB) dye degradation, which percentage degradation was 93% after 120 min. Also, 
the cytotoxicity of CaCO3 NPs has been examined on the normal L929 and cancer CT26 cell lines and 
the IC50 value was about 250 μg/mL for cancer cells [57]. During the same year, other authors as 
Nelwamondo et al. (2023) [58], demonstrate the MgO and CaCO3/Moringa oleifera nanoparticles 
production and assessed the green nanoparticles effects on groundnut genotypes. The effect of 
biosynthesized MgO and CaCO3 nanoparticles (NPs) using Moringa oleifera natural extract on the 
growth and yield of groundnut genotypes (exposed to different concentrations of green NPs) has 
been widely investigated [58]. The findings demonstrated that foliar application of MgO/CaCO3/ 
Moringa oleifera natural extract NPs positively affected groundnut biomass production. There is a 
great deal of evidence signifying that foliar applications of 50 mg/L of MgO 100 mg/L CaCO3 
contributed greatly to plant growth and crop production, and for this purpose the green NPS are very 
recommended as Nano-fertilizers application rate for groundnut production [58]. 

In our very recent publications cited as Valentini et al. (2024) [59], authors report about the use 
of Fe-Alg-CaCO3 microparticles (MPs) as foliar fertilizer on lettuce plants in an aquaponic system. 
MPs were produced starting from CaCO3 nanoparticles (used here as precursors of MPs), these latter 
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synthetized by applying a biomimetic approach, optimized by Valentini et al. (2022) [60]. The 
research investigated Lactuca sativa L. cv. Foglia di Quercia Verde plants as the experimental cultivar. 
Three iron concentrations (10, 50, and 250 ppm) were tested, with 15 plants per treatment group, plus 
a control group receiving only sterile double-distilled water. This study investigated rosette diameter, 
root length, fresh weight, soluble solids concentration, levels of photosynthetic pigments, and 
phenolic and flavonoid content. The optimized concentration of 250 ppm for treatment provided the 
most significant enhancements in both biomass yield and quality, highlighting the potential of 
precision fertilizers to boost eco-sustainability and efficiency in aquaponic systems. During 2025, 
Valentini et al. [61], add a further important scientific result concerning the application of green Zn-
Alg-CaCO3 MPs as an eco-sustainable solution for precision fertilization of Tomato plants (Solanum 
lycopersicum L. cv. Principe Borghese) in aquaponic agriculture approach. Several parameters have been 
investigated as antioxidant activity, phenolic, flavonoid, and lycopene contents, which particularly 
enhanced at the highest concentrations of green Zn-Alg-CaCO3 MPs. Importantly, no increase in zinc 
element was detected in recirculating water, highlighting the environmental safety of foliar 
application. These experimental results highlight the potential of Zn-Alg-CaCO3 MPs as a sustainable 
solution for precision fertilization in aquaponic agriculture. According to this, the authors wanted to 
combine for the first time the exceptional properties of natural SM extracts (especially the anti-biofilm 
features) with the production and functionalization of microstructured calcite (CaCO3 MPs), to be 
used in fields other than those widely reported in this introduction, such as the conservation and 
restoration of Cultural Heritage and Historical-Artistic Heritage/surfaces. During the past time, in 
our previous work [62], we demonstrated that homemade CaCO3 nanoparticles/nanofiller were 
successfully employed for reinforcing the plaster of Palazzetto Alessandro Lancia in Rome (Italy). 
During 2017, Valentini et al. [63] described the role of nanostructured CaCO3 for the deacidification 
of Library and Archival Materials (i.e., indoor Cultural Heritage). Furthermore, Valentini et al. (2022) 
[60] applied CaCO3 nanoparticles for the consolidation of Pietraforte (a particular type of Florentine 
sandstone) which makes up the Bell Tower of San Lorenzo (belonging to the corresponding 
monumental complex of San Lorenzo), in Florence (Italy). 

Considering all this, the aim of this work is to synthesize inorganic particles (i.e., TiO2 and 
CaCO3) having a green and sustainable chemistry approach (based on SM’s aqueous extract, carried 
out at low temperatures), which encompasses many interesting antimicrobial features for future 
applications in many fields, such as clinical-medical, pharmaceutical, nutraceutical, food chemistry, 
agricultural and even in the conservation of Cultural Heritage. 

Finally, for clarity of discussion in the text, Scheme 2 reports the nomenclature of the materials 
cited and applied in the work, including the acronyms and abbreviations used. 
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Scheme 1. Green synthesis routes for the functionalization of micro- and nanoparticles using natural extracts, 
essential oils and exudates from natural plants. 

Scheme 2. Nomenclature, acronyms/abbreviations, description of all materials cited in the text. 

Nomenclature Acronyms 
abbreviations  

Description  Notes 

Titanium Oxide TiO2 MPs/SM Functionalized particles produced in 
natural extracts of plants 

Microparticles (in size) 
as confirmed in this 

work 
Calcium Carbonate CaCO3 

MPs/SM 
Functionalized particles produced in 

natural extracts of plants 
Microparticles (in size) 

as confirmed in this 
work 

Microparticles MPs Microparticles are tiny spherical 
particles, typically ranging from 1 to 

1000 micrometers in diameter. 

Microparticles used for 
biological assay in this 

work 
Nanoparticles NPs Nanoparticles are incredibly small 

particles, typically between 1 and 100 
nanometers in size 

[1] 

Satureja montana SM Plant species, which is native from the 
Mediterranean region and cultivated all 

over Europe, Russia, and Turkey 

Satureja montana L., 
Lamiaceae, commonly 

known as winter 
savory 

This work 
Natural Plant 

Extracts 
NPEs Extracts may be derived from whole 

plants or from specific parts of plants 
Natural Extracts (by 

drying the leaves of the 
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such as leaves, stems, barks, roots, 
flowers and/or fruits 

plants) were 
performed at low 

temperature and in bi-
distilled water. This 

work 
Essential Oils EOs Essential Oils are precious mixtures of 

liquid and volatile aromatic substances, 
extracted mainly by steam distillation 

from plant material coming from 
various types of aromatic plants; they 

can also be obtained by cold pressing, as 
in the case of oils derived from citrus 

peel or by solvent extraction. 

[47–50] 

Nano-Emulsions (NEs) Nanoemulsions are nano-sized 
emulsions (20–200 nm), 

thermodynamically stable isotropic 
system in which two immiscible liquids 

are mixed to form a single phase  

[48–50] 

Satureja montana 
Essential Oils and 

Tween-80 

SMEOs Oil in water Nano-Emulsions (NEs) 
composed of SMEOs (Satureja montana 

Essential Oils) and Tween-80 

[48,49] 

Montmorillonite NMT Montmorillonite is a naturally occurring 
clay mineral belonging to the smectite 

group, primarily of aluminosilicate 

[50] 

Chitosan-nano-
TiO2 Daisy 

Essential Oil 

chitosan/nano 
TiO2/DEO  

Chitosan film, incorporating nano-TiO2, 
functionalized with Daisy Essential Oil 

[53,54] 

Magnesium Oxide 
and Calcium 

Carbonate Moringa 
oleifera natural 

extract 

MgO/CaCO3/ 
Moringa 

oleifera NPs 

Biosynthesized MgO and CaCO3 
nanoparticles (NPs) using Moringa 

oleifera natural extract 

[58] 

Iron-Calcium 
Alginate-Calcium 

Carbonate 
microparticles/mic

rospheres 

Fe-Alg-CaCO3 
MPs 

Foliar fertilizer on lettuce plants in an 
aquaponic system 

[59] 

Zinc- Alginate-
Calcium Carbonate 

microparticles 

Zn-Alg-CaCO3 
MPs 

eco-sustainable solution for precision 
fertilization of Tomato plants in 
aquaponic agriculture approach 

[61] 

Volatile Organic 
Compounds 

VOCs Volatile organic compounds are a group 
of chemicals that easily evaporate at 

room temperature and are commonly 
found in various products used indoors 

and outdoors (in this study terpenes 
family) 

[56] 

Methylene Blue MB Methylene blue is used as a bacteriologic 
stain or dye and indicator 

[57] 

Radical 
Oxygenated 

Species 

ROS Reactive Oxygen Species (ROS) are 
unstable, highly reactive molecules 
containing oxygen that can cause 

damage to cells by reacting with other 
molecules. 

[49,50,64,65] 

2. Results and Discussion 
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This chapter is organized as follows: first, the results related to the morphological and structural 
characterization of the new functionalized microparticles are reported and described. Then, the 
chemical composition of the natural SM extracts is discussed, by means of GC-MS analysis; and 
finally, the results related to the study of the antibacterial, antimicrobial, antioxidant and antibiofilm 
properties, found in appropriate bacterial strains selected and treated at different concentrations of 
new functionalized particles, are widely reported and discussed. 

2.1. Functionalized Microparticles and Their Characterization Study 

2.1.1. TiO2 MPs/SM 

The TiO2 particles contained in the alcoholic suspension, shows instead a spherical shape, with 
diameters ranging from 160 nm to 1.3 µm, with a prevalence of elements with diameters around 400-
600 nm (Figure 1 A). The surface of the micro/nanospheres appears smooth and the observations at 
high magnification (Figure 1 B) suggest that the spherical elements have variable sizes because they 
arise from the nucleation of TIO2 around a core of amorphous organic substance and then they 
gradually growth in size by TIO2 apposition. The amorphous aggregates of organic matter are 
indicated by the arrows in Figure 1 B. 

 

Figure 1. SEM of TiO2 microspheres. A) a microspheres cluster is presented, spherical structures are visible, with 
variable sizes ranging from 160nm up to 1.3 µm, magnification 10K. B) A higher magnification of a microspheres 
cluster shows the amorphous organic material on the surface of microparticles (arrows), magnification 25 K. C) 
and D) highlight the microanalysis, where: C) is the SEM image of the examined sample, the red rectangle shows 
the ROI from which the spectrum was extracted; D) is the spectrum clearly shows the titanium/Ti peak; the 
copper peaks are due to the grid on which the sample was deposited. The other elements are C and O. 

The XRD analysis revealed a slightly noisy diffractogram (Figure 2A) characterized by broad 
peaks centered at 11.74°, 17.45°, 21.77°, 24.60°, 27.91°, 30.54°, 32.90°, and 35.63° (2θ, Mo Kα). All 
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detected reflections were attributed to the anatase phase of TiO2, with the most intense peak at 11.74°, 
corresponding to the (101) plane [66–68]. The remaining signals were assigned to the (112), (200), 
(211), (204), (220), (301), and (312) planes, respectively. Nevertheless, the presence of brookite (∼10%) 
cannot be entirely ruled out, as the peaks at 11.74° and 21.77° may also match the (111) and (231) 
planes of this TiO2 polymorph [68,69]. However, the absence of the typical high-intensity doublet that 
characterizes the brookite phase suggests that the sample is predominantly composed of the anatase 
form (∼90%). 

 
Figure 2. XRD (A); Raman (B) and FTIR (C) for TiO2 MPs/SM. (D): scheme of spherical TiO2 synthesis. 

Raman spectroscopy provided further confirmation of the TiO2 crystalline phases (Figure 2B 
and Table 1). The spectrum revealed the presence of characteristic bands of the anatase polymorph, 
confirming the results obtained by XRD analysis. A strong band was observed at 146 cm−1, 
corresponding to the Eg vibrational mode of anatase, along with the B1g mode at 411 cm−1. Additional 
bands were detected at 517 cm−1 and 623 cm−1, attributable to the A1g + B1g and Eg modes of the anatase 
phase, respectively [70–72]. Two minor shoulders were also observed between 219 cm−1 and 279 cm−1, 
which can be attributed to the B1g and B2g vibrational modes of brookite, suggesting the possible 
presence of this secondary polymorph in low concentration [72,73]. Nevertheless, a partial 
contribution from the low-frequency Eg mode of anatase, typically appearing as a broad shoulder 
around 200 cm−1, cannot be excluded [70–72]. In addition, the Raman spectrum exhibited broad 
fluorescence related features at ̴ 874, ̴ 1627, and ̴ 3352 cm−1, which are likely associated with the 
vibrational modes of the organic functional groups/phase controllers used to functionalize/draw the 
particles (see Figure S3 in Supplementary Information). Specifically, the band at 874 cm−1 may 
correspond to ν(C–C), ν(C–O) stretching and δ(C–H) bending vibrations, while the band at 1627 cm−1 
may arise from ν(C=C) or ν(C=O) stretching, as well as δ(O–H) bending [74–83]. The broad signal at 
3352 cm−1 is attributable to ν(O–H) stretching vibrations, indicative of hydroxyl groups of 
phytocompounds based activators [84]. 

FTIR-ATR analysis confirmed the successful synthesis and functionalization of TiO2 

nanoparticles with Satureja montana extract (Figure 2C). A broad and intense absorption band 
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observed in the range 800–600 cm−1 was attributed to Ti–O–Ti stretching and bending vibrations, 
typical of titanium dioxide frameworks [85,86]. Signals at approximately 3400 cm−1 and 1630 cm−1 
were assigned to O–H stretching and bending vibrations, respectively, indicating the presence of 
hydroxyl groups, either due to surface hydroxylation or originating from phenolic and terpenoid 
constituents of the plant extract [87–91]. Additionally, the spectrum displayed several distinctive 
bands associated with phytocompounds from the extract. Notably, peaks at 2974 cm−1 and 2893 cm−1 
correspond to the asymmetric stretching of –CH3 groups and the symmetric stretching of –CH2 
groups, respectively. Absorption bands between 1454 and 1395 cm−1 were assigned to C–H bending 
vibrations, specifically the asymmetric and symmetric bending modes of methyl and methylene 
groups. Furthermore, the band at 1268 cm−1 was attributed to C–O stretching vibrations, while the 
signal at 1051 cm−1 indicated C–O or C–C stretching modes [90,91]. All the FTIR band assignments 
are also reported in Table 1. 

Table 1. Raman and FTIR band assignments of TiO2 MPs /SM. 

Band (cm−1) Assignment Ref. 
 RAMAN SPECTROSCOPY  

146 Eg mode (anatase) [70–72] 

219-279 
Eg (anatase) 

B1g + B2g mode (brookite) 
[70–73] 

411 B1g mode (anatase) [70–72] 
517 A1g + B1g mode (anatase) [70–72] 
623 Eg mode (anatase) [70–72] 

̴ 874 
νC–OH 
νC–C 

δCH/CH2 
[74–83] 

̴ 1627 
νC=O 
νC=C 
δO-H 

[74–82] 

̴ 3352 νO-H [84] 
 FTIR SPECTROSCOPY  

3400 νO–H [87–91] 

1630 
δO–H 
νC=O 
νC=C 

[87–91] 

2974 νas –CH3 [90,91] 
2893 νs –CH2 [90,91] 

1454, 1395 
δas/s –CH3 
δas/s –CH2 

[90,91] 

1268 
νC–O 
νC–C 

[90,91] 

1051 
νC–O 
νC–C 

ring vibration 
[90,91] 

800-600 ν+δ Ti–O–Ti [85,86] 

Vibrational bands assignments follow conventional spectroscopic notation: ν = stretching; δ = bending; s = 
symmetric; as = asymmetric. 

2.1.2. CaCO3 MPs/SM 

The CaCO3 particles in the examined alcohol suspension, appear as crystals with a prismatic 
shape, sharp edges and variable size (Figure 3 A), with an average of 1 µm x 1 µm x 1 µm. Amorphous 
aggregates of organic matter (indicated by the arrows in Figure 3 B) are adherent onto the smooth 
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surface of the crystals. The image B (high magnification) shows that the prismatic crystals’ structure 
is the result of a stratification of thin and smooth plates (like cheddar cheese layered tiles). 

 
Figure 3. SEM of CaCO3 Crystal. A) a crystal cluster is presented, prismatic structures with sharp edges are 
visible, one on the top of each other, magnification 10K. B) A higher magnification of a Crystal cluster shows the 
amorphous organic material on the surface of prismatic crystals (arrows), and evidence that they are formed by 
a layered structure of thin plates, magnification 25 K. C) and D) highlight the microanalysis, where: C) is SEM 
image of the examined sample, the red rectangle shows the ROI from which the spectrum was extracted; D) is 
the spectrum clearly shows the calcium/Ca peak; the copper peaks are due to the grid on which the sample was 
deposited. The other elements are C and O. 

The diffractogram obtained for CaCO3 MPs/SM reveals calcite as the predominant crystalline 
phase (Figure 4A). The most intense diffraction peak is observed at 2θ = 29.43°, corresponding to the 
(104) plane, a characteristic reflection of calcite [92–95]. Additional peaks, including those at 31.46°, 
56.54°, and beyond 58.20°, exhibit lower intensities. Nevertheless, the overall diffraction pattern 
unambiguously confirms the presence of calcite, with no significant traces of other CaCO3 
polymorphs [92–95]. These findings suggest that Satureja montana extract favors the formation of the 
calcitic phase over other crystalline structures (i.e., predominant phase). 
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Figure 4. XRD (A); Raman (B) and FTIR (C) of CaCO3 MPs/SM. (D): scheme of polygonal CaCO3 synthesis. 

Complementary insights were provided by Raman spectroscopy, which revealed vibrational 
features attributable to both the calcitic phase and organic phytocompounds introduced by SM 
extract during synthesis (Figure 4B, and Table 2). The presence of calcite is confirmed by the bands 
at 248 cm−1, 718 cm−1, and 1092 cm−1. Specifically, the 1092 cm−1 band corresponds to the symmetric 
stretching vibration of the CO32− group (A1g mode), while the 718 cm−1 band is attributed to the in-
plane bending vibration of the carbonate ion (Eg mode) [96,97]. The signal at 248 cm−1 relates to lattice 
translational vibrations (Eg mode) but may also partially overlap with skeletal torsional and 
deformation modes of aromatic phytocompounds, suggesting nanoparticle surface functionalization 
[74–78,82]. Moreover, other spectral bands support the presence of flavonoids and phenolic 
terpenoids on the carbonate surface. In the low-frequency region, several additional Raman bands 
(320, 412, 507, and 626 cm−1) are assigned to skeletal deformations, twisting, and out-of-plane 
vibrations of aromatic ring systems [74–78,82]. 

The band at 746 cm−1 arises from a combination of C–C stretching, C–O bending, and aromatic 
ring deformation, while the signal at 890 cm−1 is linked to C–OH and C–C stretching, as well as CH 
and CH2 bending vibrations [74–78,82]. Other bands such as 1009 cm−1 and 1180 cm−1 are attributed 
to in-plane CH bending, C–O stretching, and aromatic skeletal vibrations, whereas the band at 1339 
cm−1 is associated with CH3 bending (notably of isopropyl groups) and CH2 scissoring modes [74–
82]. 

The FTIR spectrum further confirms the dual nature of the material, revealing contributions 
from both the inorganic carbonate phase and the organic constituents (Figure 4C, and Table 2). The 
bands at 1404 cm−1 and 870 cm−1 correspond to the asymmetric stretching and out-of-plane bending 
vibrations of CO32−, respectively. The additional signal at 705 cm−1, attributed to in-plane bending of 
CO32−, confirms the identification of the calcite phase [98,99]. A broad band in the 3600–3000 cm−1 
range is assigned to O–H stretching vibrations, originating from adsorbed water, surface hydroxyl 
groups, and phenolic or alcoholic phytocompounds. The presence of aliphatic chains, typical of plant-
derived molecules, is confirmed by the bands at 2951, 2922, and 2856 cm−1, which are associated with 
asymmetric and symmetric C–H stretching vibrations of methyl (CH3) and methylene (CH2) groups 
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[87–91]. A sharp absorption band at 1710 cm−1 corresponds to carbonyl (C=O) stretching, while the 
band at 1637 cm−1 is mainly due to molecular water bending (δO–H), with potential contributions 
from C=O and C=C stretching vibrations in aromatic systems [87–91]. Finally, the bands at 1231 cm−1 
and 1070 cm−1 are assigned to C–O and C–C stretching modes, as well as to skeletal vibrations of 
aromatic rings, further confirming the presence of oxygenated phytocompounds on the nanoparticle 
surface. 

Table 2. Raman and FTIR band assignments of CaCO3 MPs /SM. 

Band (cm−1) Assignment Reference 
RAMAN SPECTROSCOPY 

248 
Eg lattice mode 

(calcite) 
τ+δ aromatic ring 

[96,97] 

320 τ aromatic ring [74–78,82] 
412 δop+τ aromatic ring [74–78,82] 
507 δop +τ aromatic ring [74–78,82] 
626 δop +τ aromatic ring [74–78,82] 

718 
Eg mode (δipCO32−) 

(calcite) 
[96,97] 

746 
νC–C 
δC–O 

δ aromatic ring 
[74–78,82] 

890 
νC–OH 
νC–C 

δCH/CH2 
[74–78,82] 

1009 
δipCH 
νC–O 

δ aromatic skeletal 
[75–82] 

1092 
A1g mode (νsCO32−) 

(calcite) 
[96,97] 

1180 
δCH 
νC–O 

δ aromatic skeletal 
[74–83] 

1339 
δCH3 (isopropyl) 

δCH2 
[74–83] 

FTIR-ATR SPECTROSCOPY 
3600-3000 νO–H [88–91] 

2951 νas –CH3 [87–91] 
2922 νas –CH2 [87–91] 
2856 νs –CH2 [87–91] 
1710 νC=O [87–91] 

1637 
δO–H 
νC=O 
νC=C 

[87–91] 

1404 νasCO32− (calcite) [98,99] 

1231 
νC–O 
νC–C 

δ aromatic skeletal 
[87–91] 

1070 
νC–O 
νC–C 

δ aromatic skeletal 
[87–91] 

870 δopCO32− (calcite) [98,99] 
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705 δipCO32− (calcite) [98,99] 

Vibrational bands assignments follow conventional spectroscopic notation: ν = stretching; δ = bending; τ = 
twisting; s = symmetric; as = asymmetric; ip = in-plane; op = out-of-plane. 

2.2. Chemical Composition of NPEs from SM by GC-MS 

GC-MS analyses were performed using both targeted and untargeted approaches to 
comprehensively characterize the volatile fraction of the Satureja montana aqueous extract (SM). The 
integration of both methods allowed not only the identification of a defined set of known volatile 
constituents but also the detection of additional, previously unconsidered compounds, potentially 
involved in the green synthesis and surface functionalization of microparticles. 

2.2.1. Targeted Analysis 

A targeted GC-MS analysis was performed on the aqueous extract of SM immediately after 
preparation, with the aim of characterizing its volatile composition and identifying compounds 
potentially involved in the surface functionalization of microparticles. The analysis was carried out 
using a calibrated terpene standard mixture, allowing the semi-quantitative determination of 24 
selected volatile organic compounds (see Table 3). 

Table 3. Semi-quantitative concentrations of VOCs identified by targeted GC-MS (n.d. = not detected). 

Compound Concentration 
[ng/ml] 

α-Thujone  282 
α-pinene  n.d. 

Camphene n.d. 
Sabinene  1054 
β-Pinene  n.d. 

α-Phellandrene  264 
α-Terpinene  3814 
para-cymene  157 

(R)-(+)-Limonene  535 
α-Terpinolene  284 
γ-Terpinene  882 

Terpinen 4-ol  10305 
Carvacrol methyl ether  23.4 

L-Carvone  n.d. 
Thymoquinone 8271. 

Geraniol  n.d. 
Thymol  63906 

Carvacrol  5669 
β-Caryophyllene n.d. 

α-Humulene  4.0 
caryophyllene oxide  135 

cis-α-bisabolene (Levomenol) 4.7 
L-Linalool  1425 

aromadendrene oxide 2  n.d. 

The extract was dominated by oxygenated monoterpenes, with thymol being by far the most 
abundant constituent (63,906 ng/mL), followed by terpinen-4-ol (10,305 ng/mL) and thymoquinone 
(8,271 ng/mL). Other noteworthy compounds included γ-terpinene (882 ng/mL), carvacrol (5,669 
ng/mL), α-terpinene (3,814 ng/mL), and sabinene (1,054 ng/mL). The presence of α-thujone (282 
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ng/mL), α-phellandrene (264 ng/mL), and α-terpinolene (284 ng/mL) further confirmed the richness 
of the terpene fraction. Trace amounts of carvacrol methyl ether (23 ng/mL), caryophyllene oxide (135 
ng/mL), L-linalool (1,425 ng/mL), and para-cymene (157 ng/mL) were also identified. 

The volatile profile of the extract included monoterpene hydrocarbons (e.g., sabinene, α-thujone, 
α-terpinene), oxygenated derivatives (e.g., thymol, terpinen-4-ol, caryophyllene oxide), and aromatic 
compounds (e.g., p-cymene, thymoquinone), reflecting a chemically diverse composition. 

Notably, thymol and terpinen-4-ol showed the highest peak areas, followed by thymoquinone, 
carvacrol, and α-terpinene, while compounds like caryophyllene oxide and l-linalool were present at 
lower levels. This distribution confirms the predominance of oxygenated monoterpenes among the 
most abundant constituents. 

The analysis was conducted on a single, well-characterized extract, providing a representative 
chemical fingerprint under the tested conditions. Although the lack of replicates prevents statistical 
evaluation, the dataset offers a consistent reference for subsequent applications using the same 
preparation. 

2.2.2. Untargeted Analysis 

In addition to the targeted screening, a non-targeted GC-HRMS approach was employed to 
comprehensively explore the chemical complexity of the Satureja montana aqueous extract and to 
identify additional constituents potentially involved in the green synthesis and surface 
functionalization of microparticles. This strategy aimed to complement the targeted dataset by 
detecting molecules not included in the calibration mixture but potentially relevant in mechanistic or 
functional terms. 

Following peak deconvolution, a total of 643 individual features were detected. After procedural 
blank subtraction and spectral quality filtering (Total Score > 90), 169 compounds were identified 
with high confidence. These were subsequently categorized into major chemical families based on 
their molecular structures and functional groups. As shown in Figure 5, alcohols (22.6%), aromatic 
hydrocarbons (17.3%), and ketones (8.9%) were among the most represented classes. Esters, 
polycyclic aromatic hydrocarbons, monoterpenes, and furan derivatives were also identified, while 
a substantial fraction (34.5%) fell under the category “Others,” encompassing structurally 
ambiguous, multifunctional, or less-characterized phytochemicals. These results provide a broad 
overview of the chemical landscape of the extract and highlight its richness in oxygenated and 
aromatic species, which are likely to influence its reactivity and interaction with inorganic surfaces. 

 
Figure 5. Chemical classification of high-confidence compounds identified in the untargeted GC-HRMS analysis 
of Satureja montana aqueous extract. The chart is based on the compound list reported in Supplementary Table 
S1, where molecules were grouped into chemical families according to their molecular structures and functional 
groups. 
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The full dataset, including retention times, average peak areas, molecular formulas, exact and 
theoretical masses, and NIST match scores, is reported in Supplementary Table S1. In many cases, 
compounds were detected at multiple retention times but shared the same molecular formula and 
theoretical mass. These signals, retained in the final table, likely represent structural or 
conformational isomers and are discussed collectively based on their elemental identity. 

To focus the discussion on the most relevant compounds, the 22 molecules with the highest peak 
areas—each with a Total Score > 95 and a Peak Rating > 7.5—were selected and visualized in Figure 
6. For clarity, thymol and endo-borneol, although confirmed as major constituents, were excluded 
from the graph due to their disproportionately high abundance, which would distort the scale. Their 
identity is confirmed and discussed elsewhere in the text. 

 
Figure 6. Histogram plot of the 22 most abundant compounds identified in the SM extract based on peak area, 
ordered by retention time. Thymol and endo-borneol were excluded from the graph due to their 
disproportionately high peak areas, which would distort the scale. Since it’s a single sample, there’s no standard 
deviation. The bars indicate the relative abundance of the compounds in the sample because they are 
chromatographic peak areas, not quantities. 

The selected compounds span a broad retention time range and include molecules with well-
defined structure as well as entries reported solely by molecular formula (e.g., C10H16, C10H14, 
C13H22O). These formula-based entries indicate the detection of multiple peaks with identical mass 
and elemental composition but distinct chromatographic behaviors, suggesting the presence of 
unresolved isomeric species. Although further structural elucidation is needed, such components are 
retained for their potential contribution to the extract’s reactivity and its role in downstream 
applications. 

In the following paragraphs, the results regarding the application of TiO2 MPs/SM and CaCO3 
MPs/SM in bacterial cultures are described, and the order of presentation will respect that followed 
for all other results previously shown. 

2.3. Antimicrobial Screening 

In the present study, the antimicrobial activity of TiO2 and CaCO3 MPs was evaluated within an 
indoor environmental setting. Passive sedimentation method was employed, as this approach is 
widely regarded as one of the most cost-effective, standardized, and reproducible methods for such 
investigation [100] The antimicrobial activity of TiO2 microparticles (MPs) and TiO2 MPs 
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functionalized with S. montana leaf extract (TiO2 MPs/SM) was evaluated in comparison with the 
untreated control (CT) (Figure 7A). In the control condition, passive air sampling yielded 66.33 ± 5.51 
CFU/plate, representing the baseline microbial load in the indoor environment. When TiO2 MPs/SM 
were applied, low to moderate concentrations (0.2–4 mg/mL) produced a statistically non-significant 
increase in CFU compared to the control, indicating a limited impact on microbial deposition. 
However, at 10 mg/mL a statistically significant increase was observed 1132.00 ± 46.13 (p < 0.0001), 
and at the highest concentrations (20–50 mg/mL) the number of CFU was found to be too numerous 
to count (TNTC), suggesting an unexpected promotion of microbial accumulation rather than 
inhibition. A similar but more pronounced trend was observed for TiO2 MPs, where even the lowest 
dose (0.2 mg/mL) caused a dramatic increase in microbial growth 1776.00 ± 166.40 CFU/plate (p < 
0.0001), further escalating at 2 mg/mL (2785.00 ± 190.31 CFU/plate), with higher concentrations 
resulting in TNTC. Compared to the CT, both formulations failed to reduce microbial contamination. 
Contrary to what was observed with TiO2 MPs data regarding the efficiency of antibacterial activity, 
promising results were observed with CaCO3 MPs data shown in Figure 7B. Compared to the CT 
(106.00 ± 13.52 CFU/plate), the application of CaCO3 MPs and CaCO3 MPs/SM induced a dose-
dependent modulation of microbial growth. 

For CaCO3 MPs/SM, low concentrations (0.2–2 mg/mL) did not significantly differ from the 
control, maintaining CFU counts close to CT, respectively of 102.00 ± 2.00 and 97 ± 1.73 CFU/plate. 
However, starting from 4 mg/mL, a statistically significant reduction was observed with a value of 
75.32 ± 16.04 CFU/plate (p < 0.01), which became even more pronounced at 10 mg/mL with a total 
number of CFU per plate equal 55.67 ± 9.01 CFU/plate (p < 0.0001). At 20 mg/mL and 50 mg/mL, 
microbial growth was almost completely suppressed showing values equal to respectively 6.33 ± 4.04 
and 1 ± 1 CFU/plate (p < 0.0001), indicating a strong antimicrobial effect at high doses. In contrast, the 
application of CaCO3 MPs did not produce statistically significant reductions compared to CT at any 
tested concentration, with CFU counts ranging from 111.70 ± 7.23 at 0.2 mg/mL to 96.00 ± 5.29 at 50 
mg/mL, thus remaining within the same range registered for CT. 
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Figure 7. Mean ± SD (n=6) of CFU/plate following passive sedimentation method under different TiO2 (A) and 
CaCO3 MPs (B) treatments. TNTC: Too Numerous To Count (CFU>2500); CT: untreated control. Statistical 
significance relative to the untreated control is indicated by asterisks: * p<0.05; ** p<0.005; *** p<0.001; **** 
p<0.0001. 

Results are also summarized on Table 4. 
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Table 4. Mean ± SD (n=6) of CFU/plate following passive sedimentation method under different TiO2 and CaCO3 

MPs treatments. CT: untreated control. Statistical significance relative to the untreated control is indicated by 
asterisks: * p<0.05; ** p<0.005; *** p<0.001; **** p<0.0001. 

Treatment 
Concentration 

(mg/mL) 
CFU/plate 

MPs Size _SEM 
(nm/µm) 

Titanium Oxide 
CT - 86.00 ± 3.60 

Diameters ranging from 
160 nm to 1.3 µm, with 

a prevalence of 
elements with 

diameters around 400-
600 nm 

TiO2 MPs/SM 

0.2 184.00 ± 10.58 
2 142.40 ± 29.70 
4 274.00 ± 47.62 *** 
10 1132.00 ± 46.13 **** 
20 >2500 
50 >2500 

TiO2 MPs 

0.2 1776.00 ± 166.40 **** 
2 2452.00 ± 22.27 **** 
4 >2500 
10 >2500 
20 >2500 
50 >2500 

Calcium Carbonate 
CT - 106.00 ± 13.53 

 
CaCO3 particles have 

prismatic shape, sharp 
edges and variable size, 
with an average of 1 µm 

x 1 µm x 1 µm 

CaCO3 MPs/SM 

0.2 102.00 ± 2.00 
2 97.00 ± 1.73 
4 75.33 ± 16.04 ** 
10 55.67 ± 9.02 **** 
20 6.33 ± 4.04 **** 
50 1.00 ± 1.00 **** 

CaCO3 MPs 

0.2 111.7 ± 7.23 
2 108.3 ± 9.07 
4 101.00 ± 7.93 
10 100.70 ± 7.02 
20 100.70 ± 10.07 
50 96.00 ± 5.29 

The data presented in the table clearly demonstrate contrasting antimicrobial behaviours 
between TiO2 and CaCO3-based microparticles (MPs), particularly when functionalized with Satureja 
montana (SM) extract. TiO2 MPs, both in their pristine (as prepared) and SM-functionalized forms, 
not only failed to reduce microbial contamination but exhibited a dose-dependent increase in colony-
forming units (CFUs), with values exceeding the countable limit (>2500 CFU/plate) at concentrations 
≥4 mg mL-1. This suggests a possible aggregation or nutrient-like effect that supports microbial 
proliferation and cell growth. Instead, CaCO3 MPs/SM showed a clear dose-dependent reduction in 
microbial load, with statistically significant decreases in CFUs starting from 4 mg mL-1 and nearly 
complete inhibition at higher doses (20–50 mg mL-1). All this finds a reasonable and valid explanation 
in many factors (undoubtedly regulated by the activators/phase controllers) such as the 
shape/morphology of the particles, their size, the presence of chemically reactive defects, potentially 
capable of developing ROS (main inhibitors of cell growth). 

Especially, the photocatalytic activity of TiO2 microparticles is mainly determined by their 
crystalline phases (anatase has the highest photocatalytic activity), grain size, specific surface area, 
pore structure, crystallinity, defects, and edges, [100]. The spherical microparticles characterized in 
this study have dimensions greater than 100 nm (between 400 and 600 nm), are completely smooth 
and without edges (see the SEM micrographs on Figure 1). They do not exhibit significant roughness, 
as shown by the BET data (see Table S3 in Supplementary Information), both in terms of porosity 
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(pore volume 0.0023 cm3/g; pore size of 560 nm as macropores, according to the International Union 
of Pure and Applied Chemistry, IUPAC [101]), and surface area (1.20 m2/g). Furthermore, TiO2 
MPs/SM particles possess carbonyl groups, such as aldehydes and ketones (see the well-defined FTIR 
signal cantered around 1630 cm-1) that do not have the same rate of oxygen radical-ROS production, 
when compared to carboxyl groups; C(=O)O-H, which upon oxidative decarboxylation (and other 
radical-mediated processes) tend to release ROS radicals [64]. Low to moderate ROS levels can act as 
signaling molecules, promoting cell survival, proliferation, and even resistance to certain therapies 
[65]. Low reactive oxygen species (ROS) levels can indeed stimulate cell proliferation and inhibit 
apoptosis, as highlighted on Figure 7A. 

These functional groups characterized by FTIR are molecular activators/phase controllers, 
whose role in the synthesis of inorganic particles depends on many parameters, such as: the nature 
of the inorganic precursor, the type of synthesis performed, the nature of the selected plants, the 
different concentrations of the activators/phase controllers in the different plants used, the 
derivatives of the latter employed, i.e., aqueous and/or hydroalcoholic extracts, essential oils and 
finally exudates. In accordance with what was previously stated, we modified the synthesis 
temperature (as reported in Supplementary Information, working at lower temperature see Scheme 
S1) to obtain a brookite/anatase heterophase which, as known from the literature [102], could exhibit 
superior photocatalytic and antimicrobial activities (for several cases of study, as reported in [102]. 
Unfortunately, under our working conditions (see Supplementary Information), even the mixed 
brookite/anatase phase did not show significant antimicrobial activity and therefore future studies 
will be necessary to improve and optimize the green synthesis with regard to TiO2 particles in all its 
crystalline phases (homogeneous and/or mixed phases/heterophases), considering the crucial role 
exhibited by the natural plants phase controllers/molecular activators. 

The results obtained in this study have been compared with those reported in very recent 
literature (current year 2025 and beyond), all summarized in Table 5, where the following 
considerations could be highlighted: 

- anatase and rutile films with the same dimensions (600 nm and grain size of 100 nm; surface 
area of 1.35 m2/g) and different shape/morphology as a film, exhibit photodynamic antimicrobial 
chemotherapy activity against methicillin-resistant Staphylococcus aureus [101]. Only one case of 
amorphous TiO2 spheres, with larger dimensions (φ=2000 nm and surface area of 0.85 m2/g) still 
shows antimicrobial activity (as reported on Table 5). 

- in all other case studies, involving mesoporous TiO2 (3≤φ<50 nm) with higher surface area 
(ranging from 60 to 36 m2/g), statistically significant antibacterial, antimicrobial and antioxidant 
activities are still present (see Table 5 and all the references reported therein). 

Table 5. All the characterization parameters for TiO2 MPs/SM. B: Brookite; A: Anatase; R: Rutile in the text. 

Samples SEM  
(φ: nm) 
Shape  

XRD 
2θ (plane) 

Raman 
cm-1 (mode) 

SM extract 
composition 

(GC-MS) 

Referen
ces 

Notes 

TiO2 MPs/SM 400 – 
600 nm 

 
µ-

Spheres   

11.74° 
(101)/A 
17.45° 

(112)/A 
21.77°  

(200)/A 
24.60° 

(211)/A 
27.91° 

(204)/A 
30.54° 

(220)/A 
32.90° 

(301)/A 

(146, 219, 623) 
Eg/A 

 
(411, 517) B1g/A 

 
(517) A1g/A 

 
(219) B1g/B 

 
(279) B2g/B  

α-Thujone  
α-pinene  

Camphene 
Sabinene  
β-Pinene  

α-Phellandrene  
alfaTerpinene  
para-cymene  

(R)-(+)-Limonene  
α-Terpinolene  
γ-Terpinene  

Terpinen 4-ol  
Carvacrol 

methyl ether  

This 
work 
(2025) 

No 
antimicrobial 
performances 

have been 
observed 
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35.63° 
(312)/A 

 
11.74° (111) 

/B 
21.77° 
(231)/B 

 
 
 

L-Carvone  
Thymoquinone 

Geraniol  
Thymol  

Carvacrol  
β-Caryophyllene 

α-Humulene  
caryophyllene 

oxide  
cis-α-bisabolene 

(Levomenol) 
L-Linalool  

Anatase and 
rutile film  

 

600 nm 
size, 

 
grain 

size: 100 
nm 

 
film 

The anatase 
films 

appear as 
flat terraces 
with mono-

atomic 
steps. The 

‘grains’ 
have a 
slightly 

rectangular 
shape and 

two 
kinds of 

rectangular 
grains 

oriented 90 
to each 

other are 
observed. 
These are 
due to the 

before 
mentioned 
twinning of 

the films 

Not reported in 
the text 

Not reported in 
the text 

  [101]                                          Photodynami
c 

antimicrobial 
chemotherap

y activity 
against 

Methicillin 
resistance 

Staphylococc
us aureus 

TiO2 NPs/ clove 
extract 

19-33 
nm 

 
Spheres 

Not 
reported  

Not reported Not reported for 
the clove extract 

[102] Alcohol-
based clove 

extract 
combined 
with TiO2 

nanoparticles 
is a potent 

antimicrobial 
agent, 

capable of 
inhibiting 
VMRSA 

growth even 
at low 

concentration
s 

TiO2 NPs from 
Sigma Aldrich 
(Saint Louis, 
MO, USA) 

Loaded with 

21 nm 
(as 

reporte
d by 

Sigma 

Not 
reported in 
the article, 

where 
commercial

Not reported in 
the article, 

where 
commercially 

available 

Not reported for 
the Polygonum 

cuspidatum 
Extract 

[103] Incorporating 
P. cuspidatum 
root extract 

into TiO2 
nanoparticles 
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Polygonum 
cuspidatum 

Extract 

Aldrich
) 
 

Spheres 

ly available 
nanoparticl

es have 
been 

applied 

nanoparticles 
have been 

applied 

significantly 
enhances 

their 
antioxidant 

and 
hemocompati

bility 
properties. 

TiO2-loaded 
extract NPs 
exhibited 
excellent 

antibacterial 
properties 
against the 

tested strains 
Green 

synthesis TiO2 
nanoparticles 
using Sophora 
flavescens root 

extract 

8-24 nm 
 

Spheres 

(100) A 
(004) A 
(204) A 
(105) A 
(211) A 
(204) A 

 

Not reported 
only FTIR 

Not reported for 
the Sophora 

flavescens root 
extract 

[104] Their stability 
and ability to 

penetrate 
bacteria 

cells enhance 
their 

antibacterial 
efficacy, 

particularly 
against gram-

positive 
bacteria 

TiO2 
nanoparticles 

were 
synthesized 

using 
Talinum 

fruticosum leaf 
extract 

3-12 nm 
 

Spheres 

24.92° (101) 
A 

68.99° (200) 
R 

Not reported 
only FTIR 

Not reported for 
the Talinum 

fruticosum leaf 
extract 

[105] TiO2 showed 
photocatalyti
c activity and 

anti-
inflammatory 

property 
as the protein 
degradation 

inhibition 
capacity 

TiO2 P25 
 
 
 
 

TiO2 Br200 

mean 
diamete
r of 40 

nm 
 
 

10-15 
nm 

79 % 
anatase/A 

 
21% rutile/ 

R 
 
 

45% 
anatase/A 

2% rutile/R  
53% 

brookite/B 

Not reported No plant extract 
was applied for 
the synthesis of 

these 
nanoparticles 

[106] Biphasic 
brookite-
anatase 

nanoparticles
, due to their 

smaller 
particle size, 
may increase 
the efficiency 

of TiO2 
nanoparticles 

to inhibit 
bacterial 
growth 

by promoting 
a greater 

surface area 
contact ratio 

 2000 nm 
amorph

ous 

Degussa 
P25 (80% 
anatase 

(144, 196, 639 
cm−1) Eg/A 

 

TiO2 without 
functionalization

[107] The 
bactericidal 
activity and 
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TiO2, anatase, 
brookite and 
rutile, have 

been 
synthetized 
through a 

microwave-
assisted 

hydrothermal 
method using 

amorphous 
TiO2 as a 
common 
precursor 

(sphere
s) 
 

15 nm 
A 

(sphere
s) 
 

20 nm 
Deguss
a P25 

(sphere
s) 
 

20 nm B 
(sphere

s) 
 

20 nm R 
rod-

shaped 
 

and 20% 
rutile), 

 
A (100% 
purity) 

 
B (94% 
purity)  

 
R (100% 
purity) 

(399, 519 cm−1) 
B1g/A 

 
(513 cm−1) /A 

 
(127, 154, 194, 
247, 412, 640 
cm−1), A1g/B 

 
(133, 159, 215, 

320, 415, 
502 cm−1) B1g/B 

 

(235, 450 cm-1) 
/R 
 
 
 
 
 

, as reported in 
the full text 

photocatalyti
c antibacterial 
effectiveness 

of each 
material were 

evaluated 
through the 
determinatio

n of the 
minimum 
inhibitory 

and 
bactericidal 

concentration
s, and via the 

mortality 
kinetic 
method 
under 

ultraviolet 
(UV) 

illumination 
under similar 

conditions 
with two 
bacterial 
groups of 

unique 
cellular 

structures: 
Gram-

negative 
Escherichia 
coli (E. coli) 
and Gram-

positive 
Staphylococc
us aureus (S. 

aureus). 
Degussa P25: selected samples of the amorphous TiO2, a reference sample of Degussa P25 (80% anatase and 20% 
rutile), commercially available, as reported in the ref. [108]. 

A different trend (in terms of antimicrobial features, see Figure 7B) was obtained in presence of 
porous micrometric CaCO3 MPs/SM prismatic particles (see SEM micrographs on Figure 3 and BET 
data on Table S3. in Supplementary Section). The phase controllers/activators induce (during the 
nucleation and growth of calcite particles) lattice defects, such as vacancies or dislocations, that 
represent irregularities in the material structure. These defects can act as active sites for chemical 
reactions (i.e., oxidation, reduction, hydrolysis, etc.;) or alter the electronic structure of the materials 
[108]. The edges of material structures offer a higher density of reactive sites compared to the basal 
plane [109] by favouring/promoting the formation of C(=O)OH carboxylic groups, the main sources 
of ROS, that induce growth inhibition of microorganisms (as clearly highlighted on Figure 7B, in the 
text). These results are also compared with the most recent literature reported on Table 6, where it is 
possible to note how calcite nanoparticles, synthesized with different eco-sustainable approaches and 
equipped with different shapes, size and roughness can induce antimicrobial, antibacterial, 
antioxidant effects on selected bacterial cultures and strains, thanks to the presence of chemically 
reactive sites such as carboxylic groups (mainly C(=O)-OH), (see references cited into Table 6). The 
higher density of oxygenated functional groups on the structural defects and edges, also provides to 
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CaCO3 MPs/SM with prismatic shape and micrometric size, a Z potential value equal to -25.14 mV 
due to the acidic dissociation of carboxylic groups C(=O)OH/into carboxylate (C=(O)O-)) anions and 
phenols/into phenoxide or phenate anion, the latter more acidic than aliphatic alcohols at the working 
pH (pH=6.6 in bidistilled water, as working medium). These reactive functional groups were also 
quantified through the volumetric titration of the acidic sites, as reported in literature [110]. The 
carboxyl groups quantified on the CaCO3 MPs/SM particles were found to be equal to 41.31 nmol/mg 
(while those on the TiO2 MPs/SM spherical particles were found to be equal to 14.66 nmol/mg, in 
comparison), see also Table S4 on Supplementary text. Furthermore, particles with a negative Zeta-
potential value (see Table S4 in Supporting information), on the other hand, could be attracted to the 
positively charged bacterial cell surface (especially Staphylococcus aureus as a valuable Gram-positive 
bacterial model) through electrostatic interactions, facilitating their attachment and potentially 
disrupting the cell membrane. 

Finally, we have not included in this manuscript the VP-SEM observations of the bacterial 
cultures used for the analyses presented in this work, this because such ultrastructural morphological 
analysis requires the development of a specific protocol. We are therefore developing an 
experimental model that will allow us to observe, using VP-SEM, the effect of TiO2 and CaCO3 
administration on bacterial cultures. Once the optimal experimental conditions have been 
established, we will conduct the morphological analysis to confirm the effect of crystal shape on 
bacterial growth capacity (for detail of the experimental model we are developing, Supplementary 
Material Section). 

Table 6. All the characterization parameters for CaCO3 MPs/SM. C: calcite/CaCO3. 

Samples SEM  
(φ: nm) 
Shape  

XRD 
2θ (plane) 

Raman 
cm-1 (mode) 

SM extract 
composition 

(GC-MS) 

Referenc
es 

Notes 

CaCO3 
MPs/SM 

1 µm x 1 
µm x 1 

µm 
 

Prismatic 
shape 

29.43° 
(104) /C 
31.46° /C 
56.54° /C 
58.20° /C 

248 cm−1 (Eg) 
C lattice 

718 cm−1 (Eg) 
C 

1092 cm−1 
(A1g) C 

α-Thujone  
α-pinene  

Camphene 
Sabinene  
β-Pinene  

α-Phellandrene  
alfaTerpinene  
para-cymene  

(R)-(+)-Limonene  
α-Terpinolene  
γ-Terpinene  

Terpinen 4-ol  
Carvacrol methyl 

ether  
L-Carvone  

Thymoquinone 
Geraniol  
Thymol  

Carvacrol  
β-Caryophyllene 

α-Humulene  
caryophyllene 

oxide  
cis-α-bisabolene 

(Levomenol) 
L-Linalool  

This 
work 
(2025) 

 
 

CaCO3 
MPs/SM 
exhibit 

antimicrobial 
properties, 

depending on 
the particle 

concentration
s, shape, 
defects, 
edges, 

dislocations 
and density 

of 
oxygenated 

functionalitie
s on edges 

Hollow 
calcium 

carbonate 
microsphere

1.97 ± 
0.61 μm 

XRD 
analysis of 
the CaCO3 

hollow 

Not reported 
in the text 

Not reported in the 
text for the 

carvacrol loading 

[111] The 
antimicrobial 

results 
indicated that 
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s loaded by 
carvacrol 

hollow 
microsph

eres 

microsphe
res 

revealed 
that they 

are 
primarily 
aragonite 
(standard 

card: 
JCPDS#33–

0268) 

microSCaCA 
effectively 

inhibited and 
killed E. coli 

and S. 
aureus, 

markedly 
enhancing 

the efficacy of 
CA, and 

exhibiting 
cellular 

safety. In 
practical 

preservation 
applications, 
microSCaCA 
significantly 

improved the 
preservation 

of pork 
during 4 ◦C 

storage, 
inhibiting key 

indicators 
such as TVB-

N, pH, 
TBARS, and 

TVC, 
effectively 

delaying the 
oxidation of 

fats and 
proteins and 
suppressing 

the growth of 
microorganis

ms during 
the storage 

period 
CaCO3 

nanoparticle
s have been 
synthetized 

by using 
dried 

powder of 
mollusc 
shells 

60-70 nm 
 

spheres 

23.1◦ (012) 
29.3◦ (104) 
31.4° (006) 
35.9◦ (110) 
39.4◦ (113) 
42.7◦ (202) 
47.5◦ (018) 
48.5◦ (116) 
57.4◦ (122) 
60.7◦ (214) 
64.4◦ (300) 

65.4◦ (0012)  
(JCPDS 
No. 85–

1108) 

Not reported 
in the text 
but only 

FTIR 

The synthesis of 
calcium carbonate 
nanoparticles from 
mollusk shell waste 

occurred without 
any natural plant 

extracts. Therefore, 
this 

characterization is 
not specifically 

contemplated in the 
text. 

[112] A low level of 
oxidative 
stress was 
recorded 
under all 

treatments of 
CaCO3NPs, 

and the 
highest 

decrease in 
MDA and 

O2•- contents 
of about 12 % 

and 
23 % were 
recorded 
under 30 
mg/L of 

CaCO3NPs 
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compared to 
the control, 

respectively. 
The 

antioxidant 
system was 
improved 

under 
CaCO3NPs 
treatments 

and the 
highest 

increase of 
about 22 % 
and 37 % in 

CAT and 
SOD activity 

were 
recorded at 
30 mg/L of 
CaCO3NPs 

compared to 
the control, 

respectively. 
The extract 

of 
Hyphaene 
thebaica L. 

Mart 
(Egyptian 

doum palm) 
fruits 

was used as 
the 

reducing/ca
pping agent 

for the 
synthesis of 

CaCO3 
nanoparticle

s 

60 nm - 
180 nm 

 
shapes 
from 

quasi-
spherical, 
to cubical 

with 
equiaxed 
morpholo

gy 

012 
104 
110 
113 
202,  
018,  
116 
211 
122 
214  
300 

correspon
d to the 

rhombohe
dral calcite 

phase of 
CaCO3, 
which is 

following 
with the X-

pert 
standard 
card #47–

1743 

Not reported 
in the text 
but only 

FTIR 

Not reported in the 
text for the extract 

of Hyphaene 
thebaica L. Mart 
(Egyptian doum 

palm) fruits 
 

[113] CaCO3 NPs 
exhibit 

antifungal 
activity and  

therefore, the 
findings of 
this study 

suggest that 
the inclusion 

of a green 
synthesis of 
CaCO3 NPs 

as a 
nonfertilizer 

has the 
potential to 

promote 
tomato 

growth and 
yield. 

The extract 
of 

Hyphaene 
thebaica L. 

Mart 
(Egyptian 

doum palm) 
fruits 

was used as 
the 

reducing/ca

60 nm - 
180 nm 

 
shapes 
from 

quasi-
spherical, 
to cubical 

with 

012 
104 
110 
113 
202,  
018,  
116 
211 
122 
214  

Not reported Not reported for 
the extract of 

Hyphaene thebaica 
L. Mart (Egyptian 
doum palm) fruits. 
This investigation 
has been reported 

only for the 
metabolomes of 

both tomato 
cultivars (Heinz-

[114] The 
application of 

CaCO3NPs 
increased the 
presence of 
terpenoids 

and 
flavonoids in 

both fruits 
and leaves 
compared 
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pping agent 
for the 

synthesis of 
CaCO3 

nanoparticle
s 

equiaxed 
morpholo

gy 

300 
correspon

d to the 
rhombohe
dral calcite 

phase of 
CaCO3, 
which is 

following 
with the X-

pert 
standard 
card #47–

1743 

1370andMoneymak
er), before and after 

CaCO3 NPs 
inoculation/treatme

nts. 
 

with the 
untreated 

plants. 
Metabolites 
such as 13-

hydroxy 
abscisic acid, 
Dantaxusin 

A, and 
Sinuatol were 
identified in 
the leaves of 

the 
Moneymaker 
cultivar, with 

30-O-
linolenoylgly

ceryl6-O-
galactopyran

osyl-
galactopyran
oside, Olean-
12-en-28-oic 

acid and 
scutianthraqu

inone B 
present in the 

fruits.  

3. Materials and Methods 

In accordance with what reported above for the results and their discussion, also the 
experimental part will follow the same order of presentation, that is: materials/measurement 
procedures for the synthesis and characterization of microparticles and natural extracts from SM; in 
the second part the materials/measurement procedures for the characterization of the antibacterial, 
antimicrobial, anti-oxidant, anti-biofilm properties of microparticles functionalized with natural 
extracts of SM, will be described, respectively. 

3.1. Plant Materials and Chemicals/Reagents 

SM plants (Satureja montana L., Lamiaceae, commonly known as winter savory) were collected 
from Orto Botanico di Roma Sapienza University (Italy), during the flowering phase (on July 2024), 
where the term of harvest had a significant effect on the chemical content of Essential Oils and 
Natural Extracts in Satureja montana [115]. Each plant during the sampling step was hand-harvested 
into Ziploc storage containers and transported to the laboratory. Leaves were manually removed and 
let it dry at room temperature and under pressure for two weeks until extraction. 

All Chemical reagents are of analytical grade and purchased from Merck (Germany), including 
Titanium Tetra Isopropoxide (TTIP, C12H28O4Ti, 97%), ethanol (C2H5OH, 96%), n-hexane (C6H14, 
98.5%), and the following GC-MS standards: α-humulene (C15H24, 90%), α-phellandrene (C10H16, 
85%), α-pinene (C10H16, 98%), α-terpinolene (C10H16, 95%), aromadendrene oxide 2 (C15H24O, 95%), β-
caryophyllene (C15H24, 80%), β-myrcene (C10H16, 90%), β-pinene (C10H16, 99%), carvacrol (C10H14O, 
98%), carvacrol methyl ether (C11H16O, 90%), caryophyllene oxide (C15H24O, 98%), cis-α-bisabolene 
(C15H24, 93%), cis-sabinene hydrate (C10H18O, 97%), D-carvone (C10H14O, 98%), geraniol (C10H18O, 
98%), (R)-(+)-limonene (C10H16, 97%), γ-terpinene (C10H16, 95%), L-linalool (C10H18O, 95%), para-
cymene (C10H14, 99%), sabinene (C10H16, 75%), (+)-terpinen-4-ol (C10H18O, 98%), and thymol (C10H14O, 
99%). Other used chemicals and solvents were of the highest analytical grade, as perdeuterated 
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fluoranthene (Chemical Research 2000 S.r.l., Milan, Italy) and NaCl (Merck, Germany). Bidistilled 
water is obtained with the Millipore system (Milli-Q® EQ 7000) and all aqueous and/or hydroalcoholic 
solutions are freshly prepared every day, to carry out all the measurements. 

3.2. Preparation of TiO2 Microparticles in SM’ Natural Extracts (TiO2 MPs/SM) 

SM’ natural extracts were obtained by drying the leaves of the plants (3 plants). These latter were 
harvested, dried, and subsequently ground using a mortar. To prepare the extract, 2 g of the 
pulverized leaves were immersed in 60 mL of bidistilled water and heated to 40°C under continuous 
stirring for 1 hour. The resulting extract was filtered, cooled to room temperature and stored in a dark 
glass bottle at 4°C. This protocol agrees with the literature [116], but we have modified it for the 
aqueous (and not organic) solvent and for the thermal treatment at lower temperature. 

TiO2 particles were synthesized starting from Titanium Isopropoxide (TTIP, used here as 
titanium oxides precursor) in ethanol as working medium, according to the literature [117]. Briefly, 5 
mL of TTIP is dissolved in 5 ml of ethanol solution and 2 mL of aqueous SM’s extract (added drop by 
drop into the reaction environment), under continuous stirring for 3 hours at Room Temperature 
(RT). The solid was vacuum filtered, washed thoroughly with 250 mL of double-distilled water, and 
finally dried in an oven at 60°C (without calcination step, which is known to occur at temperatures 
well above that used in this study). The resulting TiO2 MPs/SM were collected and processed with 
further characterization measurements. 

3.3. Preparation of CaCO3 Microparticles in SM’ Natural Extracts (CaCO3 MPs/SM) 

SM’ natural extracts were obtained according to the previous paragraph. CaCO3 particles were 
synthesized starting from calcium chloride (CaCl2) and sodium carbonate (Na2CO3) used here as 
precursor, according to the literature [118,119]. Briefly, 200 ml of 50mM CaCl2 and 50 ml of aqueous 
SM’s extract were mixed together under magnetic stirring at 400 rpm for 5 min (at R.T.). Then, 250 
ml of 50 mM Na2CO3 was added to the previous solution, which is left under magnetic stirring at 400 
rpm for 15 min (at R.T.). The solid was vacuum filtered, washed thoroughly with 250 mL of double-
distilled water, and finally dried in an oven at 60°C. The resulting CaCO3 MPs/SM were collected and 
processed with further characterization measurements. 

3.4. (TiO2 MPs/SM) and (CaCO3 MPs/SM) Characterization Study 

In this paragraph, the order of presentation of the measuring apparatus and experimental 
procedures performed will follow the one adopted previously in the text, for the presentation of the 
experimental results. 

3.4.1. SEM/EDX 

The method is the same for both CaCO3 microparticles and TiO2 microparticles. An ethanol-
based (100%) suspension containing a small amount of microparticles was prepared in a glass tube 
and exposed to one hour of sonication. Upon completion, 10 µL of the suspension was rapidly drop-
cast onto 200 mesh copper grids coated with Formvar film (Ted Pella, USA). These grids were then 
set atop absorbent paper inside a Petri dish, covered, and left to dry under ambient conditions. Once 
the grids were fully dried, they were mounted onto aluminum stubs using carbon tape and 
introduced into a sputter coater (Emitec K550, Emitech Corato, Italy), where they were coated with 
platinum at a current of 15 mA for 1.5 minutes. This sputtering process was conducted twice to ensure 
uniform coating. For the Scanning Electron Microscopy and image analysis, samples were examined 
using a Variable Pressure Scanning Electron Microscope (VP-SEM), specifically the Hitachi SU3500 
model (Hitachi, Tokyo, Japan), operated under high vacuum conditions at an accelerating voltage of 
15–20 kV [120–122]. This SEM system is equipped with dual energy-dispersive X-ray spectroscopy 
(dEDS) detectors (Bruker XFlash® 6|60), enabling simultaneous multimodal imaging and spatially 
resolved chemical mapping. This advanced analytical capability is particularly effective for 
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investigating biological surfaces in their native state. The XFlash® 6|60 is well-suited for 
nanoanalytical applications involving materials with relatively low X-ray emission [117,118]. For the 
image analysis, the SEM micrographs were collected using Hitachi Map 3D software, version 8.2 
(Digital Surf, Besançon, France) [123,124]. 

3.4.2. XRD 

Powder X-ray diffraction (PXRD) analyses were carried out using a Rigaku SmartLab SE powder 
diffractometer (Rigaku, Tokyo, Japan), operating with a Cu Kα radiation anode at 40 kV and 30 mA, 
and equipped with a Rigaku D/teX Ultra 250 silicon strip detector. As the instrument is designed for 
powder analysis, samples were analyzed directly, without any additional preparation. To improve 
peak resolution in the high-angle region and to detect weaker diffraction signals, a second set of 
PXRD measurements was acquired using a D8 Advance diffractometer (Bruker, Billerica, MA, USA) 
equipped with a Mo Kα radiation source. The use of a shorter X-ray wavelength enabled the detection 
of additional reflections that were not clearly resolved under Cu Kα irradiation. 

3.4.3. Raman Spectroscopy 

Samples were analysed using a micro-Raman system equipped with a Cobolt 08-DPL 532 nm 
solid-state laser (Cobolt AB, Solna, Sweden), coupled with an HRS500 spectrometer (Teledyne 
Princeton Instruments, Trenton, NJ, USA) with a 50 cm focal length, and a 100× objective (NA = 0.9, 
model MPLFLN100XBD, Olympus Corporation, Tokyo, Japan), ensuring high spatial resolution. All 
spectra were collected directly on the microparticle powders without specific sample preparation. 

3.4.4. FTIR Spectroscopy 

The Fourier Transform Infrared spectroscopy (FTIR) measurements were performed in 
attenuated total reflection (ATR) mode. A Nicolet Summit FTIR spectrometer (Thermo Fisher 
Scientific Inc., Waltham, MA, USA), equipped with an Everest™ Diamond ATR accessory (Thermo 
Fisher Scientific Inc., Waltham, MA, USA), was used. Spectra were acquired with the following 
parameters: 32 scans per sample, a resolution of 8 cm−1, and a spectral range of 4000–600 cm−1. As the 
analysis was performed using FTIR in ATR mode, the powdered samples were analyzed by placing 
them directly in contact with the diamond crystal, without any prior preparation. 

3.4.5. GC-MS Analysis of SM Extract: Molecular Composition 

The chemical composition of the aqueous extracts obtained from Satureja montana leaves was 
investigated using an untargeted approach based on gas chromatography coupled with high-
resolution Orbitrap mass spectrometry (GC-HRMS). The analyses were performed on a Thermo 
Scientific™ system operated in full scan mode, with a resolving power of up to 50,000 FWHM at m/z 
272 and mass accuracy below 1 ppm. 

Headspace solid-phase microextraction (HS-SPME) was performed using a Tri Plus RSH 
autosampler (Thermo Fisher Scientific Inc., Waltham, MA, USA) coupled with an 80 µm thick, 10 mm 
long multi-adsorbent DVB/CarbonWR/PDMS fiber (Supelco, Merck KGaA, Darmstadt, Germany). 
The fiber was initially conditioned at 280°C for 60 minutes. For all samples, the fiber was pre-
conditioned for 5 minutes at 270°C and post-conditioned for 3 minutes at 270°C after injection. 
Headspace extraction of samples was carried out in 20 mL vials containing 2 g of NaCl, previously 
dried at 300°C for 4 hours. To these vials, 10 mL of sample were added, spiked with 20 ng of 
perdeuterated fluoranthene (Chemical Research 2000 S.r.l., Milan, Italy) as an internal standard. Each 
vial was conditioned at 70°C for 25 minutes prior to fiber sampling. The SPME fiber was exposed to 
the headspace vapors for 10 minutes under agitation at 5 revolutions/minute. The SPME needle 
penetrated the vial by 40 mm, ensuring the full 10 mm length of the fiber was exposed. Subsequently, 
the fiber was desorbed for 5 minutes at 270°C in a split/splitless injector in split mode (1:50). 
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Chromatographic separation was performed using an Rxi-5Sil MS column (30 m x 0.25 mm I.D. 
x 0.25 µm film thickness; Restek Corporation, Bellefonte, PA, USA), operated under a programmed 
temperature gradient. The carrier gas was helium 5.5 (Nippon Gases Italia S.r.l., Milan, Italy) at a 
constant flow rate of 1 mL/min. The GC oven temperature program started at 40°C, held for 5 
minutes, then increased at 6°C/min to 150°C, and subsequently at 15°C/min to 280°C, with a final 
isothermal hold of 3 minutes. 

A dedicated analytical batch was designed to ensure reproducibility and background control. 
This batch included procedural blanks—Milli-Q water and filtered water—processed and analyzed 
under identical conditions as the SM extract samples. These blanks were used for background 
subtraction during data processing. Additionally, the batch included a five-point calibration curve of 
a terpene standard mixture at concentrations of 0.08, 0.20, 1.00, 2.00, and 2.01 ng/µL, to each point of 
which 20 ng of perdeuterated fluoranthene internal standard was added, enabling semi-quantitative 
analysis of the identified compounds. 

Raw data were processed using Compound Discoverer™ 3.3.3.200 software following a two-
step deconvolution workflow. In the first step, all features were extracted and aligned across the 
dataset, with blank subtraction applied to remove procedural background. In the second step, the 
same dataset was reprocessed to quantify the analytes by comparing the response intensities against 
the terpene standard mixture, enabling a semi-quantitative estimation of compound abundance. 

Peak detection parameters were configured to ensure robust compound annotation. The mass 
tolerance was set at 5 ppm, the minimum spectral signal-to-noise ratio at 10, and the minimum 
chromatographic peak S/N threshold at 3. A total ion current (TIC) threshold of 1,000,000 was applied 
based on signal intensities observed in real samples. The ion overlap for spectral matching was fixed 
at 98%, and high-resolution filtering (HRF) scoring was enabled. For compound identification via 
spectral libraries, both the similarity index (SI) and reverse similarity index (RSI) thresholds were set 
at 600. 

All detected features were filtered for reproducibility across replicates, retention time 
consistency, and spectral match quality. Confidently identified compounds were grouped into major 
chemical families, including monoterpenes, sesquiterpenes, diterpenes, phenolic compounds, and 
long-chain fatty acid derivatives. This comprehensive VOCs fingerprint of Satureja montana provided 
the chemical basis for interpreting the role of the molecular activators/phase controllers during the 
inorganic particles synthesis. 

3.5. Experimental Biological Testing and Sampling 

To evaluate the potential antimicrobial properties of TiO2 and CaCO3 MPs, 500 µL of each 
solution at the previously specified concentrations were aseptically dispensed onto Petri dishes 
containing 25 mL of culture medium (Plate Count Agar, Liofilchem). The solution was evenly 
distributed across the agar surface under sterile conditions to ensure homogeneous coverage, and 
plates were subsequently used for the sampling phase. The sampling was performed using the 
passive sedimentation method, which measures the amount of microorganisms settle on surfaces by 
exposing settle plates to air for a defined period of time [125]. In detail, rather standard 9 cm Petri 
dishes were used to collect the biological particles as sediments, randomly positioned in a public 
indoor area of 25 m2, according to the 1/1/1 scheme (for 1 hour, 1 meter above the floor and about 1 
meter away from walls and major obstacles) [126]. For each treatment were used six opened MPs 
treated Petri dishes and six untreated plates were used as controls (CT). At the end of the exposure 
period the plates were incubated at a temperature of 25°C for 48 h. Bacterial colonies were manually 
counted by placing each Petri dish on a gridded plate and enumerating colonies within each cell, and 
the results are expressed as CFU per plate (CFU/plate). 

3.5.1. Statistical Analyses 
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Statistical analyses were performed using GraphPad Prism 10.1.2 (GraphPad Software Inc., San 
Diego, USA). Data normality was verified with the Shapiro–Wilk test (p<0.05), allowing parametric 
analysis by ANOVA followed by Tukey’s post-hoc test. Significance was set at p<0.05. 

4. Conclusions 

TiO2/A and CaCO3/C microparticles, modified with the aqueous extract of SM plant in the main 
form of Anatase (A) and Calcite (C), were synthesized, characterized and tested for their 
antimicrobial activity. The TiO2 MPs/SM particles (mainly anatase but also the tested heterophase 
brookite/anatase) did not show significant antimicrobial activity and exhibited a dose-dependent 
increase in colony-forming units (CFUs), with values exceeding the countable limit (>2500 CFU/plate) 
at concentrations ≥4 mg mL-1. This suggests a possible aggregation or nutrient-like effect that 
supports microbial proliferation and cell growth. A low to moderate level of ROS concentration on 
the non-porous TiO2/A microparticles, could be responsible for bacterial proliferation and cell 
growth. What has been observed experimentally is confirmed by the identification of carbonyl-type 
chemical defects (aldehyde-ketones, by FTIR), which are less reactive in producing ROS than 
carboxylic-type functional groups. 

Instead, CaCO3 MPs/SM exhibit strong and dose-dependent antimicrobial activities, achieving 
near-complete inhibition at 50 mg mL−1. Most likely, the same molecular activators/phase controllers, 
contained in SM plant extracts, in presence of calcite precursors (under the same low temperature 
conditions), are able to induce the particles growth with morphology (prismatic particles), size, 
porosity and edges/defects/chemical functionalities responsible for a very evident synergistic 
inhibitory effect, against the strains of microorganisms used in this study. Especially, chemical 
reactive defects are identifiable as carboxylic groups (by FTIR spectroscopic analysis, C(=O)-OH), 
which represent the main source of ROS, able to inhibit the bacterial growth. 

In conclusion, the SM aqueous extract used for the first time in the synthesis of calcite and 
anatase particles (avoiding calcination) is an excellent source of molecular activators/phase 
controllers, especially in the presence of the CaCO3 MPs/SM precursors. 

However, for the TiO2 MPs/SM anatase particles, the activators/phase controllers did not appear 
to induce antimicrobial effects. For this case study, it would be advisable to use other plants with 
higher concentrations of activators/phase controllers; or to experiment with SM essential oils and/or 
plant exudates, which are much more concentrated than the aqueous extract (used in this work), in 
terms of oxygenated terpenoids. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, File S1: The full dataset, including retention times, average peak areas, molecular 
formulas, exact and theoretical masses, and NIST match scores, is reported in Supplementary Table S1. File S2: 
The XRD and Raman spectra of mixed sample of brookite (major phase)/anatase (minor phase) are reported on 
Figure S1 and S2, respectively. On Table S2, the Raman assignment bands are also summarized. Raman 
spectrum of the organic activators/phase controllers into TiO2 MPs/SM sample, has been also reported on Figure 
S3. File S3: The BET porosity data (surface area, pore volume and pore size) are reported on Table S3. File S4: 
while the Z-potential /DLS values are reported on Table S4. File S5: the VP-SEM protocol that will be optimized 
is reported on Text S4. Also, Supplementary References were included. 
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