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Introduction: The current study focuses on evaluating the biological activity and analysis of phytochemical content of extracts and extract-loaded nanoparticles from Sideritis germanicopolitana subsp. viridis (endemic, SGV) and S. libanotica subsp. linearis (SLL).Methods: Antioxidant activities of extracts and nanoparticles were investigated by DPPH, FRAP and CUPRAC methods. Enzyme inhibition potentials of extracts and nanoparticles were evaluated by Ellman and indophenol methods. Phytochemical contents were analyzed by HPLC-DAD. Plant extracts were encapsulated by the ionic gelation method which was modified in our laboratory using the green chemistry approach.Results and Discussion: It was found that the 70% ethanol extracts of SGV and SLL exhibited the highest antioxidant activity in terms of DPPH, FRAP and CUPRAC compared to other extracts. The findings showed that both 70% ethanol extract-loaded nanoparticles obtained from SGV and SLL showed lower DPPH radical scavenging, iron (III) reducing and copper (II) reducing activities compared to crude extracts. It was determined that the 70% extracts of SGV and SLL exhibited a higher potential to inhibit the enzyme urease than other extracts. The anti-urease activity of the nanoparticle loaded with SLL 70% ethanol extract was found to be greater than that of the nanoparticle made with SGV 70% ethanol extract. Furthermore, an analysis of the acetylcholinesterase enzyme inhibition capacity of various extracts from both plants revealed that the 70% ethanol extracts of each plant species had a greater potential for enzyme inhibition than the other extracts. The anticholinesterase activity of the nanoparticle loaded with SLL 70% extract was found to be higher than that of the nanoparticle loaded with SGV 70% ethanol extract. In this study the phenolic metabolites were examined, luteolin (27.44 μg/mg extract) and p-coumaric acid (20.03 μg/mg extract) were found at the highest concentration in the SGV plant while rosmarinic acid (8.70 μg/mg extract), caffeic acid (6.46 μg/mg extract) and p-coumaric acid (4.42 μg/mg extract) were found at the highest concentration in the SLL plant. However, the data demonstrated that the nanoparticles had lesser biological activity potential than crude extracts.Conclusion: The substantial biological activities of the nanoparticles developed as a result of this work showed that these formulations are suitable for use as antioxidant, anti-urease and anticholinesterase medicines in the future due to the benefits of using nanoparticles in the therapeutics such as the controlled release of the active agents and the diminished side effects.Keywords: nanoparticles, biological activity, medicinal plants, Sideritis germanicopolitana subsp. viridis, S. libanotica subsp. linearis, HPLC-DAD
1 INTRODUCTION
Reactive oxygen species (ROS) and reactive nitrogen species (RNS) have a role in the organism, both harmful and beneficial. In the body, there is a balance between free radicals and endogenous antioxidants, which are in homeostasis. When this balance is disturbed in favor of free radicals (ROS, RNS, etc.), oxidative stress occurs (Valko et al., 2007; Barja, 2004; Fang et al., 2002). As a result, it causes oxidative damage on DNA, RNA, lipids and proteins. This situation is the cause of many diseases such as cardiovascular diseases, ischemic injury, injuries, rheumatoid arthritis, diabetes, Alzheimer’s, Parkinson’s and especially cancer. In recent studies, oxidative stress has been found to exacerbate the course of coronavirus disease (COVID-19) and complicate the treatment. For this reason, the discovery of exogenous antioxidant agents with high therapeutic effects and low side effects remains important (Bakadia et al., 2021). Helicobacter pylori is a gram-negative microaerophilic bacterium that infects up to 50% of the world’s human population. The eradication of H. pylori is known to cause gastritis, peptic ulcers, gastric cancers. Through the enzyme urease, H. pylori breaks down urea into ammonia and carbon dioxide and colonizes the mucosa by freeing itself from the acidic pH of the gastric surface (Stingl and De Reuse, 2005; Azizian et al., 2012; Graham and Miftahussurur, 2018). Alzheimer’s disease (AD) is a cholinergic neurodegenerative disease that affects the brain which is irreversible. It is characterized by progressive loss of memory and general cognitive decline. The cholinergic system is being targeted in the development of anti-Alzheimer medications because it is crucial to the regulation of learning and memory processes. Through the inhibition of the enzyme acetylcholinesterase (AChE), which hydrolyzes acetylcholine, cholinesterase inhibitors directly increase cholinergic transmission. Additionally, it has been demonstrated that in the early phases of senile plaque formation, both butyrylcholinesterase (BuChE) and acetylcholinesterase are crucial for the aggregation of amyloid plaque (Fisher et al., 2012; Anand and Singh, 2013; Mishra et al., 2019).
Phytochemicals undergo digestion and degradation through the mouth, stomach, small and large intestines, then are absorbed from the digestive tract into the blood or lymphatic circulation and further distributed by diffusion or transport into the body circulation, followed by metabolization in body tissues by biochemical transformation or degradation, and final excretion through the renal, biliary or pulmonary pathways (Martinez-Perez et al., 2018; Holst and Williamson, 2008). The distribution and absorption of phytochemicals in the small intestine depend on their chemical structure and polarity. Nanoparticles used as carriers are designed to deliver phytochemicals to the target site with enhanced bioactivity. Since nanoparticles contain materials designed at the atomic or molecular level, they are generally small-sized nanostructures. Therefore, they can move more freely in the human body compared to larger materials. Nanotechnology plays a significant role in drug generation and controlled delivery to the target site and controlled release. Therefore, this technology provides numerous benefits in the treatment of chronic human diseases by site-specific and target-oriented delivery of drugs (Jahangirian et al., 2017; Martinez-Ballesta et al., 2018; Ahmad et al., 2021). The genus Sideritis, which is a member of Lamiaceae and has aromatic and medicinal properties. This genus is distributed in the Eastern and Western Mediterranean regions, as 46 species grow in the flora of Turkey and 31 of them are endemic (Tepe et al., 2006; Kan et al., 2018). Most of the Sideritis species grow in the high mountain regions and are called mountain tea by the locals. The infusion of the aerial part of Sideritis species is used in traditional folk medicine as a carminative, digestive aid, cough suppressant, diuretic (Formisano et al., 2015; Sevindik et al., 2021). Sideritis species has been the research subject because it has been used in different treatments for many years. Species belonging to this genus contain terpenes, flavonoids, essential oil, iridoids, coumarins and sterols, which provide this species with a wide range of bioactive effects, especially antimicrobial, antioxidant, antiinflammatory, antispasmodic, antiulcerative, anticonvulsant, carminative, analgesic and sedative effects (González-Burgos et al., 2011; Dincer et al., 2017). Sideritis libanotica subsp. linearis (Benth.) Bornm. is species growing in Turkey. The MeOH extract from the aerial parts of the plant was evaluated for its activity in the DPPH•, ABTS•+ and carotene-linoleic acid assays as well as for its total phenolic and flavonoid amounts (Tepe et al., 2006; Dincer et al., 2017; Atas et al., 2019). The perennial plant species Sideritis germanicopolitana subsp. viridis Hausskn. ex Bornm. is endemic to Turkey and occurs mainly in the Northern Anatolia. Its essential oil has been reported to contain metabolites such as α-pinene, myrcene, sabinene and β-pinene (Özkan et al., 2005; Bayan and Aksit, 2016). Only a limited number of studies on the biological activity and chemical content of both Sideritis species were found in the literature search (Tepe et al., 2006; Bayan and Aksit, 2016).
For the formulation of cosmetic, food, and pharmaceutical products which comprised of natural compounds showing biological activities; their stability and shelf life must be enhanced by protecting them from the environmental damage. Compounds such as polyphenols are not stable and make interactions easily, since they have unsaturated bonds in their molecular structure which makes them sensitive to the environmental factors such as oxidants, light exposure, heat, pH, water, and enzymatic activities. In order to protect the ingredients, encapsulation methods have been explored to improve the undesirable properties of the herbal extracts and also to enhance the stability and the delivery of them. The advantages of carrier systems are that, in addition to reducing toxicity, they provide controlled release and increase the bioavailability of the active ingredients (Hcini et al., 2021; Zeng et al., 2023). As a result, the objectives of this study are the preparation of Sideritis germanicopolitana subsp. Viridis and Sideritis libanotica subsp. Linearis extracts in order to investigate their in vitro biological activities; production of extract loaded nanoparticles; characterization of nanoparticles produced; quantitative analysis of phytochemical content of bioactive extracts and extracts-loaded nanoparticles.
2 MATERIALS AND METHODS
2.1 The preparation of plant extracts and the use of plant materials
Sideritis germanicopolitana subsp. viridis (SGV) and Sideritis libanotica subsp. linearis (SLL) species were identified by Assist. Prof. Dr. İsmail Şenkardeş. They were cataloged with the herbarium numbers 19155 and 22,881 and stored in the Faculty of Pharmacy’s Herbarium (MARE) at Marmara University. The plant samples were dried at the room temperature. The samples were then extracted by maceration with EtOH:distilled water (70:30) until colorless. Petroleum ether and chloroform extracts were from the crude 70% ethanol extract by liquid-liquid extraction method, respectively. A rotary vacuum evaporator was used to concentrate the six distinct plant extracts. Until examination, all of the extracted materials were kept at +4°C.
2.2 Preparation of nanoparticles loaded with plant extracts
Plant extracts were encapsulated by adopting ionic gelation method (Rajaonarivony et al., 1993) modified in our laboratory using the green chemistry approach. SGV encapsulated nanoparticles (SGV NPs) and SLL encapsulated nanoparticles (SLL NPs) were prepared using sodium alginate (SA) as a natural polymer in aqueous medium without using any additives or surface active agents. Firstly, 1% w/v aqueous solutions of SGV/SLL extracts were prepared and added dropwise into the 2% w/v aqueous solutions of SA in equal volumes under constant stirring. This mixture then added to a 3% w/v calcium chloride bath using the dripping technique. Gelation was observed while dripping and the formed gel was kept in dark medium at room temperature overnight. The next day, after washing with deionized water, the SGV NPs and the SLL NPs were left to dry for 48 h at room temperature and under ambient pressure (Çalışkan Salihi et al., 2025). After this slow drying process, they were dried at 45°C for 4 h and the dried nanoparticles were kept at airtight containers. Empty nanoparticles were also prepared using the same procedure for comparison purposes.
2.3 Characterization of nanoparticles loaded with plant extracts
Fourier-transform infrared (FTIR) spectroscopy was used to analyze the chemical functionalities in the structure of nanoparticle formulation. FTIR spectra of SGV NPs and SLL NPs were obtained from 4,000 to 500 cm−1 with an average resolution of 4 cm−1 (IRSpirit spectrometer, Shimadzu Corp, Kyoto, Japan). Surface morphology and shape of the nanoparticles were investigated by using Scanning electron microscopy (SEM). The powder samples were mounted on aluminum stubs and the nanoparticles were recorded by using the FEI Quanta 650 FEG SEM device. Sizes of the nanoparticles were measured by using the Zetasizer (Malvern Nano ZS) device applying dynamic light scattering (DLS) technique. Average diameter (Z-average) and the polydispersity index (PDI) of the nanoparticles were measured and compared. The encapsulation efficiency (EE, %) and the Loading capacity (LC, %) were determined by analyzing the filtrate using the UV-Visible Spectrophotometry (Shimadzu 2100S) using the predetermined calibration curves. The EE and the LC were then calculated using the Equations 1, 2, which are given below.
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In vitro release of SGV and SLL from the nanoparticle formulations were studied spectrophotometrically (Shimadzu 2100S) using dialysis bags in PBS (phosphate-buffered saline, pH 7.4) medium. 25 mg of each nanoformulations and 50 mL of PBS was used for the release experiments. Release experiments were conducted in a thermostatic shaking water bath at 37°C. Samples were taken at predetermined time intervals (at 1 h, 2 h, 3 h, 4 h, 5 h, and 6 h) and the concentration of the samples were calculated by spectrophotometric method using the calibration curves prepared initially (Hashem et al., 2022).
2.4 Antioxidant activity
2.4.1 FRAP assays
The FRAP reagent was stored at 37°C for 30 min. It consisted of 25 mL of 300 mM acetate buffer (pH 3.6), 2.5 mL of TPTZ solution, and 2.5 mL of 20 mM FeCl3. 10 μL of extracts/nanoparticles were combined with 190 µL of FRAP reagent, and after 4 min, the mixture’s absorbance at 593 nm was measured. The extracts’ FRAP values were presented as mM Fe2+/mg extract (Benzie and Strain, 1996).
2.4.2 DPPH assays
240 µL of DPPH solution (0.1 mM) were added to the 10 µL of extracts/nanoparticles that had been obtained at various doses (0.5–3 mg/mL). Before being incubated for 30 min at 25°C, the produced mixtures were stirred for 1 min. Every day at 517 nm, the mixes’ absorbance values were measured. Under identical circumstances, the absorbance of the control sample was measured using 10 µL of methanol rather than the extract. The information gathered throughout the investigation is provided as IC50 = mg/mL (Wei et al., 2010).
2.4.3 CUPRAC assays
The ability of extracts and nanoparticles to reduce copper (II) ions was evaluated using a method established by Apak et al., in 2004. In a nutshell, 60 µL of CuCl2·2H2O, 60 µL of neocuproine, and 60 µL of 1 M NH4Ac were mixed, then 60 µL of the extracts/nanoparticles were added, and finally 10 µL of ethanol was added to the mixture. The mixes’ absorbance was spectrophotometrically evaluated at 450 nm after 60 min against a reference solution that was made by substituting ethanol for the plant extracts. The extracts’/nanoparticles’ CUPRAC values were provided as mg trolox equivalent/mg extract (Apak et al., 2004).
2.4.4 Total phenolic contents (FCR assay)
25 µL of extracts, 100 µL of Folin-Ciocalteu reagent (diluted 1/3 with distilled water) and 75 µL of 2% sodium carbonate solution were added to the plate. Following this, the mixture was left at room temperature for 2 hours and then the absorbance at 750 nm was measured by comparison with the reference. The total phenolic content of the extracts was expressed as mg gallic acid equivalents (GAE)/mg extract (Gülsoy Toplan, et al., 2022).
2.5 Enzyme assays
2.5.1 Anti-urease activity
An enzyme solution (500 µL) and plant extracts/nanoparticles (100 µL) were combined and incubated for 30 min at 37°C. After adding 1,100 µL of urea to the mixture, it was left in an incubator set to 37°C for half an hour. After being taken out of the incubator, the mixture was combined with reagents R1 (1% phenol, 0.005% sodium nitroprusside) and R2 (0.5% NaOH, 0.1% sodium hypochlorite), and it was then incubated at 37°C for 2 hours. The absorbance of the mixture (635 nm) was measured in relation to a reference solution that was made by substituting a buffer solution for the urease enzyme solution (Ghous et al., 2010).
2.5.2 Anticholinesterase activity
Using a microplate reader, the inhibition activities of acetylcholinesterase (AchE) were determined. Acetylthiocholine iodide was utilized as a substrate for the enzyme acetylcholinesterase, which is sourced from electrophorus electricus. The compound used to measure the activity was 5,5-dithiobis-2-nitrobenzoic acid (DTNB), which has a yellow color. Galantamine, an alkaloid-type medication that was extracted from the Galanthus plant, was utilized as a control. In summary, 40 µL of phosphate buffer solution (pH 8.2 0.1 M) was mixed with 20 µL of AchE and various extract/nanoparticles concentrations. For 10 minutes, this mixture was incubated at 25°C. Following incubation, the mixture was supplemented with 20 μL of AcI substrate and 100 μL of DTNB. The galantamine that was used as a standard underwent the same process. At 412 nm, 5-thio-2nitrobenzoic acid was measured with spectrophotometry. The following formula was used to determine the extracts’/nanoparticles anticholinesterase activity as a percentage of inhibition compared to the control (Ellman et al., 1961). The following formula was used to get the percentage of acetylcholinesterase inhibition: %I = (Acontrol–Asample/Acontrol)x100.
2.6 HPLC analysis of phytochemical metabolites
High pressure liquid chromatography (HPLC-DAD) system was used to determine the amount of phenolic metabolites contained in the 70% ethanol extracts from plants (Agilent Technologies 1260 Infinity, California, United States). Waters Nova-Pak C18 column (4 μm; 3.9 × 150 mm) was used to separate the metabolites in the plants. The metabolites were analyzed in the HPLC-DAD system using the following conditions: Mobile phase (A) consisted of water and 0.05% formic acid; mobile phase (B) consisted of acetonitrile and 0.05% formic acid. The following gradient program was applied: 0 min 5% B; 1 min 5% B; 20 min 30% B; 25 min 60% B; 28 min 60% B; 33 min 95% B; 35 min 95% B; 40 min 5% B. 20 μL of sample was injected into the system and the flow rate was 0.5 mL/min. The obtained 70% ethanol extracts were dissolved in methanol solvent and injected into the HPLC system after being filtered through a 0.45 μm syringe tip microfilter (Taşkın et al., 2021).
2.7 Statistical analysis
The Graphpad Prism 5 program was used to assess the study’s data. For p values less than 0.05, statistical differences between research groups were examined using ANOVA and Tukey’s multiple comparison test.
3 RESULTS
3.1 The total phenolic contents
The total phenolic contents of many plant extracts were computed in this investigation. The 70% ethanol extracts from SLL (7.300 mg GAE/g extract) and SGV (7.122 mg GAE/g extract) had the highest concentration of phenolic metabolites. It is commonly recognized that there is frequently a linear relationship between phenolic chemicals and antioxidant activity. This study indicated that 70% ethanol extracts with abundant phenolic metabolites had better antioxidant activity than other extracts, which was in line with the literature. Furthermore, the total phenolic contents of the nanoparticles loaded with 70% ethanol extract were measured and compared to crude extracts in this investigation. The results indicated that the phenolic content of crude extracts was higher than that of nanoparticles. It was determined that the nanoparticles prepared from the SLL species (1.800 mg GAE/g extract) had a higher TPC value than the SGV nanoparticles (0.460 mg GAE/g extract) (Table 1).
TABLE 1 | Antioxidant activity and total phenolic content of different extracts and extract-loaded nanoparticles.
[image: Table 1]3.2 Phenolic metabolites analysis
The composition of SGV and SLL extracts was examined both qualitatively and quantitatively since 70% ethanol extracts from plants shown considerable biological activity when compared to other extracts. Quinic acid, 4-hydroxybenzoic acid, chlorogenic acid, vanillic acid, caffeic acid, 2hydroxycinnamic acid, apigenin-7-O-neohesperidosid, rosmarinic acid and p-coumaric acid were found in the SLL 70% ethanol extract. The highest amounts of rosmarinic acid (8.70 µg analyte/mg extract), caffeic acid (6.46 µg analyte/mg extract) and p-coumaric acid (4.42 µg analyte/mg extracts) were determined in the extract of this plants (Table 2; Figure 1). Quinic acid, chlorogenic acid, caffeic acid, rosmarinic acid, luteolin, p-coumaric acid and 8-hydroxy salvigenin were detected in the SGV 70% ethanol extract. The major metabolites in this species were determined to be luteolin (27.44 µg analyte/mg extract) and p-coumaric acid (20.03 µg analyte/mg extract) (Table 3; Figure 1). In this investigation, chemotype differences between Sideritis species were found. 4-hydroxybenzoic acid, vanillic acid, 2- hydroxycinnamic acids, apigenin-7-O-neohesperidosid were observed only in the SLL species, while luteolin and 8-hydroxy salvigenin were analyzed in the SGV species. HPLC-DAD findings showed that both SLL (7.46 µg analyte/mg extract) and SGV (1.79 µg analyte/mg extract) nanoparticles contained rosmarinic acid. Additionally, 8-hydroxy salvigenin was detected in the nanoparticle of SGV (2.44 µg analyte/mg extract). It was thought that other phytochemical metabolites found in plants could not be detected because they were not released from the nanoparticles at a rate that could be analyzed by HPLC (Table 4; Figure 2).
TABLE 2 | Phenolic metabolites detected in S. libanotica subsp. linearis extract.
[image: Table 2][image: Figure 1]FIGURE 1 | HPLC-DAD chromatogram of phenolic and flavonoid compounds detected from Sideritis species extracts. (A) S. libanotica subsp. linearis extract; (B) S. germanicopolitana subsp.viridis extract.
TABLE 3 | Phenolic metabolites detected in S. germanicopolitana subsp.viridis extract.
[image: Table 3]TABLE 4 | Phenolic metabolites detected in nanoparticles.
[image: Table 4][image: Figure 2]FIGURE 2 | HPLC-DAD chromatogram of metabolites detected in nanoparticles. (A) S. libanotica subsp. linearis extract; (B) S. germanicopolitana subsp.viridis extract.
3.3 Antioxidant activity of different extracts and extract-loaded nanoparticle
The antioxidant activities of different extracts from the plant and extract-loaded nanoparticles were comparatively investigated by DPPH, FRAP and CUPRAC methods. It was determined that SGV (IC50: 0.028 mg/mL) and SLL (IC50:0.039 mg/mL) 70% ethanol extracts showed the highest DPPH radical scavenging activity compared to other extracts and hence these extract-loaded nanoparticles were prepared and characterized. A second comparison was made between the antioxidant activity of the crude extracts and the nanoparticles. The findings obtained showed that both 70% ethanol extractloaded nanoparticles showed lower DPPH radical scavenging activity than the crude extracts. Upon comparing plant species, it was shown that the nanoparticle loaded with SLL 70% ethanol extract (IC50: 3.154 mg/mL) has a greater capacity to scavenge free radicals. All plant extracts and extract-loaded nanoparticles demonstrated significantly lower capacity for radical scavenging when compared to ascorbic acid (IC50: 0.004 mg/mL), which was used as a reference for the potentials of radical scavenging (Table 1). The CUPRAC test results (Table 1) showed that SGV (2.538 mM troloxE/mg extract) and SLL (2.278 mM troloxE/mg extract) 70% ethanol extracts have a higher Cu(II) to Cu(I) reduction potential than other extracts. Crude extracts were shown to have higher CUPRAC values than nanoparticles when the CUPRAC values of 70% extract-loaded nanoparticles and crude extracts were evaluated. The findings showed that SLL 70% extract-loaded nanoparticles (0.030 mM troloxE/mg extract) showed higher copper (II) ion reduction than SGV 70% extract-loaded nanoparticles (0.022 mM troloxE/mg extract). Findings showed that the ascorbic acid (5.831 mM troloxE) had a higher Cu(II) to Cu(I) reduction potential than the 70% ethanol extracts and nanoparticles obtained from SGV and SLL. It was discovered that SGV (1.718 mMFeSO4/mg extract) and SLL (1.448 mMFeSO4/mg extract) 70% ethanol extracts had more iron reducing antioxidant power than other extracts. The extracted-loaded nanoparticles FRAP values were found to be lower than the raw extracts. The iron (III) ion reduction potential of the SLL extract-loaded nanoparticles (0.018 mMFeSO4/mg extract) was found to be greater than that of the SGV extract-loaded nanoparticles (0.013 mMFeSO4/mg extract). This study also found that the FRAP values of all SGV and SLL extracts and extract-loaded nanoparticles (Table 1) were lower than those of ascorbic acid (7.808 mMFeSO4).
3.4 Enzyme inhibition activity of different extracts and extract -loaded nanoparticles
The findings of the comparison of the potentials of the plant extracts and the extract-loaded nanoparticles inhibiting the enzymes acetylcholinesterase and urease are shown in Table 5. It was determined that SGV 70% ethanol extract (IC50: 0.099 mg/mL) and SLL 70% ethanol extract (IC50: 0.061 mg/mL) had higher urease enzyme inhibition potential than other extracts. The anti-urease activity of the nanoparticles loaded with SLL 70% ethanol extract (IC50: 7.21 mg/mL) was found to be greater than that of the nanoparticles made with SGV 70% ethanol extract (IC50: 9.501 mg/mL). Crude extracts demonstrated more enzyme inhibition when the potentials of both nanoparticles and crude extracts on the urease enzyme were assessed. It was also observed that unloaded nanoparticles (IC50: 12.753 mg/mL) showed a certain level of enzyme inhibition and that the activity increased significantly when the extract was loaded. These findings suggested that the polymer (SA) used in nanoparticle preparation have also biological activity potential.
TABLE 5 | The ability of different extracts and extract-loaded nanoparticles to inhibit enzymes.
[image: Table 5]Furthermore, an analysis of the acetylcholinesterase enzyme inhibition capacity of various extracts from both plants revealed that the 70% ethanol extracts (SGV:77.137%; SLL: 77.895%) of each plant species had a greater potential for enzyme inhibition than the other extracts. The anticholinesterase activity of the nanoparticles loaded with SLL 70% extract (42.726%) was found to be higher than that of the nanoparticles loaded with SGV 70% ethanol extract (23.508%). The acetylcholinesterase enzyme inhibition potential of the nanoparticles made from both plant species was found to be lower than that of the raw extracts. The presence of a certain degree of enzyme inhibition in unloaded nanoparticles (12.441%) indicated that the polymer utilized in the nanoparticle production process (SA) has biological activity (Table 5). The results of this investigation indicated that these formulations could be employed as anti-urease and anticholinesterase medicines in the future, given the benefits of utilizing nanoparticles in the treatment. Table 5.
3.5 Characterization of the nanoparticles
Fourier-transform infrared (FTIR) spectroscopy was used to examine the possible interactions between encapsulated SGV/SLL and the alginate matrix of the nanoparticles. Characteristic peaks of the SA matrix are seen at around 3,300 cm−1, 1,600 cm−1, 1,400 cm−1 and 1,000 cm−1 in the Figure 3. There are broad bands between 3,000 cm−1 and 3,500 cm−1 in the spectra of all the nanoparticle samples which shows the O-H bonds of the hydroxyl groups. There are sharp peaks at around 1,600 cm−1 representing the asymmetric C=O bonds of the COO¯ groups. There are also peaks at around 1,400 cm−1 representing symmetric bonds of the COO¯ groups. There are sharp peaks at around 1,000 cm−1 which are attributed to single bonds of the C-O-C stretching vibrations (De Silva et al., 2024; Çalışkan Salihi et al., 2021; Demirhan et al., 2021; Wang et al., 2017). There are no changes were observed in the peak positions after loading of the SGV and SLL which shows the loading of the extracts to the alginate nanoparticles occurred through physical interactions and the extracts were physically dispersed across the alginate chains (Severino et al., 2019).
[image: Figure 3]FIGURE 3 | FTIR spectra of SGV NPs, SLL NPs and unloaded NPs.
Scanning electron microscopy (SEM) was used to investigate the surface morphology and the sizes of the nanoparticle formulations. SEM images of SGV NPs, SLL NPs and empty NPs were given in Figure 4. The sizes of the samples prepared are at the nanoscale and they have the spherical heterogenous shapes with smooth surfaces which are visibly seen in the SEM images (Anirudhan et al., 2017).
[image: Figure 4]FIGURE 4 | SEM images of SGV NPs: (A), SLL NPs (B) and empty NPs (C).
The particle size analysis of the nanoparticles by dynamic light scattering (DLS) technique are shown in Figure 5 as intensity (%) based particle size distribution versus size in nanometers. Results of hydrodynamic size and polydispersity index (PdI) of the nanoparticles are given in Table 6. PdI values indicates the uniformity of the sizes of the nanoparticles in dispersions. According to the results (Figure 5; Table 6), SGV NPs, SLL NPs and empty NPs have average diameters of 487.1, 582.8, 685.8 nm; sizes at peak maximum 244.2, 422.2, 350.3 nm and PdI values of 0.471, 0.407, 0.660. Figure 5 also shows that there is no aggregates or large particles in the dispersion system. The Z-average values and the size at peak maximum showed that the particles are at the nanoscale with reasonable polidispersity index (PdI) values (Soltanzadeh et al., 2021).
[image: Figure 5]FIGURE 5 | Intensity-based particle size distribution of SGV NPs: SLL NPs and empty NPs.
TABLE 6 | Average diameter, size at peak maximum and poly-dispersity index (PdI), encapsulation efficiency (EE) and loading capacity (LC) of SGV NPs, SLL NPs and empty NPs.
[image: Table 6]Encapsulation of the SGV and SLL extracts shifted the average diameters of the nanoparticles to smaller particle sizes with lower PdI values indicating improved uniformity of the particle size distribution, in comparison with the empty NPs. This result expresses that the presence of the phenolic rich extracts showed surface activity and improved the emulsifying properties of the NPs (Flamminii et al., 2020).
The encapsulation efficiency (EE) and the loading capacity (LC) of the nanoparticles were calculated using the Equation 1 and Equation 2, respectively. EE was found to be 17.66% for SGV NPs and 14.98% for SLL NPs while LC was found to be 3.45% for SGV NPs and 3.35% for SLL NPs as given in Table 6. SLL and SGV were shown similar efficiency and capacity for the encapsulation with sodium alginate matrix and the calculated results showed the encapsulation limitations of these extracts across alginate chains (Soltanzadeh et al., 2021).
In-vitro release abilities of the SGV NPs and SLL NPs were studied in PBS medium to show their capability to be used in drug delivery applications. Release profiles of SGV NPs and SLL NPs were shown in Figure 6. There is a burst release effect in the first hour for the both delivery systems which was followed by a gradual release in the following hours. About 90% of the SGV was released gradually from the SGV NPs in the next 5 h while about 80% of the SLL was released gradually from the SLL NPs in the next 5 h (Ji et al., 2019). The release profile of the both encapsulated nanoparticles showed that the formulations produced are promising natural drug delivery systems synthesized using the green chemistry approach.
[image: Figure 6]FIGURE 6 | In vitro release profiles of encapsulated SGV and SLL.
4 DISCUSSION
Phenolic metabolites were shown to have potent antioxidant, antimicrobial, anticarcinogenic, antiinflammatory, anti-urease and anticholinesterase properties in the literature review. Thus far, over 8,000 phenolic metabolites have been found in naturally occurring sources (Sotirios et al., 2020; Yuanyuan et al., 2022). In Sideritis species (S. scardica and S. raeseri), 5,7-hydroxyflavones (apigenin and luteolin) and 8-hydroxyflavones (hypolaetin (8-OH luteolin)) and their derivatives are present as phenolic substances. Later researches have verified the existence of 8-hydroxyflavones such isoscutellarein, hypolaetin, and their methoxy derivatives, which are extremely distinctive for Sideritis species. Additionally, the following hydroxycinnamic acid derivatives were found in Sideritis extracts: p-coumaric acid, 3-O-caffeoylquinic acid, and 5-O-caffeoylquinic acid (the two main representatives of chlorogenic acids) feruloylquinic acid and 4-O-glucoside. The other research verified that the chemical makeup of plants from the genus Sideritis (samples of S. scardica and S. raeseri) gathered from the Balkan countries is identical. The phenolic metabolites contained in Sideritis species provide strong biological effects to these species (Petreska et al., 2011; Ibraliu et al., 2015; Stanoeva et al., 2015; Dorota et al., 2020).
The Soxhlet technique was used to create a methanol extract from the aerial parts of the S. libanotica subsp. linearis (SLL), and the IC50 value for its ability to scavenge DPPH radicals was found to be 109 μg/mL. It was discovered that it demonstrated less radical scavenging activity than the reference standards, ascorbic acid (3.80 μg/mL) and BHT (18.00 μg/mL) (Tepe et al., 2006). In another study, the analysis of total phenolic metabolites in 80% methanol extract of SLL plant was investigated and it was found that the extract contained 10.33 ± 0.45 g GAE/kg dw phenolic extract.
The value of the DPPH radical scavenging activity is 14.08 ± 0.86 g dw/g DPPH in appearance. The primary metabolites in this extract were identified as p-coumaric, caffeic, ferulic acids, quercetin, morin, and apigenin (Dincer et al., 2017). Furthermore, 3′-O-methylhypolaetin 7-O-[6″- O-acetyl-βD-allopyranosyl-(1-2)]-6″-O-acetyl-β-D-glucopyranoside and sideridiol, which have been found to have potent antioxidant activity, have been isolated from the methanol extract of this plant (Demirtas et al., 2011). Investigations on the cytotoxic effects of the SLL plant’s methanol extract on Vero, HeLa, and C6 cell lines revealed that it was effective at cytotoxic activities at a concentration of 250 μg/mL (Demirtas et al., 2009). It was discovered that S. aureus was resistant to the methanol extract of the SLL plant (MIC: 64 μg/mL). Additionally, a strong scavenging action of the DPPH radical (IC50: 0.0133 mg/mL) was discovered (Güven et al., 2021).
In this study, the antioxidant activity of different extracts from the Sideritis libanotica subsp. linearis species was examined. It was determined that the 70% ethanol extract (IC50:39 μg/mL) of the plant showed significant DPPH radical scavenging activity. Compared to the above study, this study determined that 70% ethanol extract had higher radical scavenging activity potential. It is thought that the difference between the studies is due to agroecological conditions, the time of collection and the solvent used in the extraction process. In addition, in this study, the phenolic metabolites contained in 70% ethanol extract of the plant were analysed in amounts similar to the above studies. The chemicals from Sideritis species that were examined in this study yielded findings that were consistent with those of other investigations. In the literature review of the Sideritis germanicopolitana subsp. viridis (SGV), no detailed study on the chemical composition and biological activities of this species was found. The biological activity and chemical composition of various extracts and bioactive extract-loaded nanoparticles of these two Sideritis species were examined in depth for the first time in this study. When the biological activities of 70% ethanol extracts from both Sideritis species and nanoparticles loaded with these extracts were compared, it was determined that the extracts had lower activity than the nanoparticles. The actual amount of the extracts calculated by using Loading Capacity (%) values has been considered for the comparison which are 3.45% for SGV and 3.35% for SLL. As in the study, when the biological activities of plant extract-loaded nanoparticles and free forms of the same extracts are compared, there are studies in the literature that the free forms are more active biologically. In our study, the crude plant extract also showed higher activity than the produced nanoformulations. Since crude plant extracts may show toxicity, their direct use in pharmaceutical applications is limited. To solve this problem, plant extracts must be loaded into a carrier system. The advantages of carrier systems are that, in addition to reducing toxicity, they provide controlled release and increase the bioavailability of the active ingredients. As a result, even though the produced nanoparticle showed lower activity than the extract, produced formulation has enhanced its potential to be applied in the treatment. As in our study, when the biological activities of plant extract-loaded nanoparticles and free forms of the same extracts are compared, there are studies in the literature that the free forms are more biologically active. Eventually, in order to be used in real life applicatons, they must be produced into a suitable and safe formulation (Mishra et al., 2021; Ge et al., 2022; Maqsoudlou et al., 2022; Li et al., 2021; Sinlapapanya et al., 2024).
5 CONCLUSION
Bioactive extracts of SLL and SGV were encapsulated into natural polymer-based nanoparticles using the green chemistry approach without using any additives or surface-active agents following an environmentally friendly route, in this study. Physicochemical characterization of the nanoparticles was done besides the in vitro release study of the active agents which show the potential of these formulations as drug delivery systems for the controlled release and diminished side effects. The findings of this study showed that the 70% ethanol extracts from SLL and SGV had the highest antiurease, anticholinesterase, and antioxidant properties. Along with producing and characterizing nanoparticles from these extracts, a qualitative and quantitative analysis of the phytochemical contents of these extracts was conducted. It was also analyzed that luteolin and p-coumaric acid was observed in high content in the SGV extract while rosmarinic acid, caffeic acid and p-coumaric acid was found in high concentration in SLL extract. Crude extracts and nanoparticles loaded with extracts from both Sideritis species were compared for their antioxidant, antiurease, and anticholinesterase properties. The data demonstrated that the crude extracts had higher biological activity potential than the nanoparticles. The nanoparticle formulations developed as a result of this work have significant biological activities, it is thought that these formulations can be used as antioxidants, antiurease and anticholinesterase agents in the future after their cytotoxic effects and in vivo experiments are performed.
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