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SUMMARY: 
This work describes a protocol for the green synthesis of magnesium nanoparticles using Stryphnodendron adstringens plant extract, a species from the Native Neotropical Savannah, followed by their incorporation and evaluation in a cosmetic serum formulation.

ABSTRACT:
This study describes a protocol for the green synthesis of magnesium-based nanoparticles using ethanol extracts of Stryphnodendron adstringens, a plant species native to the Neotropical savanna, and their incorporation into nanophytocosmetic formulations. The procedure includes collection and preparation of plant material, followed by ethanol extraction, in which phytochemicals act as reducing and stabilizing agents for magnesium ions. Nanoparticles are synthesized under controlled conditions using magnesium chloride and plant extracts, enabling an environmentally friendly process without the use of toxic reducing agents. Nanoparticle properties are characterized using dynamic light scattering and atomic force microscopy to assess size distribution, morphology, and colloidal behavior. The protocol further describes the incorporation of the synthesized nanoparticles into a cosmetic serum formulation. Stability is evaluated under controlled storage conditions by monitoring organoleptic properties, pH, and viscosity. This method provides a reproducible and sustainable approach for producing plant-mediated magnesium nanoparticles and assessing their application in cosmetic formulations.

INTRODUCTION: 
The Cerrado phytogeographic domain, which comprises the largest Neotropical savanna formation in South America, represents the most biodiverse tropical savanna region in the world. This ecosystem harbors thousands of plant species rich in secondary metabolites such as flavonoids, polyphenols, terpenes, and phenolic acids, many of which exhibit documented antioxidant, anti-inflammatory, and photoprotective activities of interest to the cosmetic and pharmaceutical industries1–4. These phytochemicals are widely incorporated as high-value active ingredients in functional cosmetic formulations. In addition to their biological activity, the hydroxyl and carbonyl functional groups present in many polyphenols and flavonoids enable them to act as natural reducing and stabilizing agents for metal ions in solution5,6. This chemical property has been increasingly explored in green nanotechnology for the synthesis of metal nanoparticles, representing a promising and underexplored opportunity for developing sustainable cosmetic formulations derived from Neotropical biodiversity2–6.

Traditionally, nanoparticles (NPs) have been produced through top-down approaches, in which bulk materials are broken down into nanosized particles using physical methods such as laser ablation or sputtering, and bottom-up approaches, in which NPs are built from smaller units using chemical or biological routes7. While chemical and physical methods are effective, they often rely on toxic reagents, high energy consumption, and complex equipment. This has led to the rise of green chemistry approaches, which emphasize sustainability, eco-friendliness, and safety in nanomaterial production6.

Within this framework, green synthesis of NPs has gained significant attention. The capacity of plant phytochemicals to act simultaneously as reducing, stabilizing, and capping agents, enabling the efficient synthesis of metal and metal oxide NPs, combined with the limitations of conventional methods, which require specialized equipment, extreme conditions, and generate toxic waste, justifies the development of a green synthesis protocol that operates under moderate conditions, is scalable, and produces no hazardous byproducts6–9. Among the metal oxide NPs explored through this strategy, magnesium nanoparticles (MgNPs) present significant advantages over silver nanoparticles (AgNPs) and zinc oxide nanoparticles (ZnO NPs), since MgNPs show no tendency toward bioaccumulation, exhibit lower cytotoxicity in human cells, and are recognized by the United States Food and Drug Administration (FDA) as generally safe substances for human applications10,11. Additionally, MgNPs synthesized using Cerrado plant extracts are expected to combine the antioxidant and antibacterial properties of magnesium with the bioactive phytochemicals present in the extract, thereby enhancing their cosmetic functional value compared to conventionally synthesized counterparts10.

In the cosmetic industry, the application of nanotechnology has revolutionized product development by enhancing the delivery, stability, and efficacy of active ingredients11. NPs can penetrate deeper into the skin, provide controlled release, and protect sensitive compounds from degradation, making them highly valuable for formulations targeting skin aging, pigmentation, acne, and sun protection10. Despite these documented advantages, the green synthesis of MgNPs using native plants from Neotropical savannas as reducing agents for cosmetic applications remains largely unexplored and lacks methodological standardization, in contrast to what has been widely reported for plants from Asia, Africa, and Europe11–14. Most existing studies pay limited attention to the incorporation of NPs into functional cosmetic formulations and to their stability under controlled storage conditions11,14,15. The present protocol helps fill this methodological gap by integrating, in a single, reproducible methodology, the green synthesis of MgNPs from Neotropical flora, their incorporation into a nanophytocosmetic facial serum, and the comprehensive evaluation of their physicochemical and functional stability.

The overall goal of this protocol is to describe a standardized, reproducible, and scalable methodology for the green synthesis of MgNPs using Stryphnodendron adstringens, a plant native to the Cerrado Neotropical savannas, as both a reducing and stabilizing agent, thereby leveraging its intrinsic bioactive properties in a facial serum formulation. The development of MgNPs synthesized from S. adstringens for topical human applications constitutes a novel nanoformulation currently protected under Brazilian patent application (BR 10 2025 015416 1). The proposed experimental design represents a sustainable and biocompatible approach to NP production, avoiding the use of toxic reducing agents commonly employed in conventional NP synthesis, while facilitating the incorporation of phytochemicals with potential biological activity. This protocol is particularly suitable for researchers seeking environmentally friendly methods for nanoparticle fabrication for cosmetic, pharmaceutical, or biomedical applications, especially when plant extracts rich in flavonoids and polyphenols are available. Since these compounds act as natural reducing and stabilizing agents, the protocol can be readily adapted to other plant species with comparable phytochemical profiles, allowing its application to native flora from different biogeographic regions based on the local availability of plant material.

PROTOCOL: 

1. Plant material 

1.1 Selection and documentation

1.1.1 Select healthy S. adstringens plants growing in representative areas of the natural environment for bark collection. Record the sampling location, collection date, geographic coordinates using a GPS device, and local environmental conditions at the time of collection.

1.1.2 Perform botanical identification using specialized taxonomic literature for Neotropical Savannah species. Confirm the identification by consulting a qualified taxonomist17.

1.1.3 Collect and separate representative plant material for herbarium documentation, including vegetative and reproductive structures (e.g., leaves, flowers, fruits, and small
 branches).

NOTE: Collect herbarium material separately from the bark used for experimental procedures. Press and dry the plant material using standard herbarium techniques, mount voucher specimens, and deposit them in a recognized herbarium to ensure traceability.

[bookmark: _qu2dmi6lv0f3]1.2 Bark collection

1.2.1 Collect the bark from the trunk of the S. adstringens tree at BBCH (Biologische Bundesanstalt, Bundessortenamt, and Chemische Industrie) stages 31–39, corresponding to the vegetative growth phase as described in previous phenological studies16,17. 

NOTE: Store the collected material in a dark bag to prevent the degradation of secondary metabolites and to prevent the degradation of secondary metabolites.

1.3 Moisture determination

1.3.1 Weigh the bark samples using an analytical balance. Divide the material into three replicates and record the initial weights.

1.3.2 Place the bark samples in an oven at 105 °C. Dry the samples until they reach a constant weight.

NOTE: Constant weight is achieved when two consecutive measurements differ by no more than 1 mg, indicating complete moisture removal.

1.3.3 Remove the samples from the oven, allow them to cool to room temperature, and record the final weight. Calculate moisture content and dry matter using the following equations:





Where:
W1 = weight of the empty container
W2 = weight of container + sample before drying
W3 = weight of container + sample after drying

2. Extract preparation

NOTE: All procedures involving hazardous materials were conducted in accordance with internationally recognized chemical safety guidelines18. 

2.1 Rinse the freshly collected bark with running water to remove soil, dust, and surface impurities.

2.2 Place the bark samples in an oven at 36 °C for 72 h. Grind the dried bark using a knife mill to obtain a fine powder.

2.3 Weigh 200 g of powdered bark and transfer it to an Erlenmeyer flask. Add 1000 mL of 98% ethanol.

CAUTION: Ethanol is highly flammable. Handle away from ignition sources and work in a well-ventilated area.

2.4 Seal the flask and keep it at room temperature for 72 h, protected from light. Agitate the mixture once every 24 h.

2.5 Filter the extract first through a metal mesh and then through cotton using a funnel to remove residual debris.

3. Evaluation of antioxidant activity 

3.1 Prepare a 100 mM DPPH (2,2-diphenyl-1-picrylhydrazyl) solution in methanol.

CAUTION: Methanol is toxic and highly flammable. Handle in a fume hood and wear appropriate personal protective equipment. DPPH is irritant and may be harmful if inhaled or ingested. Avoid direct contact and inhalation.

NOTE: Protect the solution from light by performing the assay under low-light conditions and caution with the handling of methanol and DPPH, always perform them with gloves.

3.2 Dilute the ethanolic S. adstringens bark extract in methanol to obtain concentrations ranging from 0.1% to 5% (v/v). Prepare vitamin C solutions at the same concentrations as a positive control.

3.3 Dispense 100 µL of DPPH solution into each well of a 96-well plate.

3.4 Add 50 µL of extract or vitamin C solution to each well.

NOTE: Use DPPH + methanol as the negative control and methanol alone as the blank. Perform all measurements in quadruplicate.

3.5 Incubate the plate for 30 min at room temperature in the dark.

3.6 Measure absorbance at 515 nm using a spectrophotometer.

3.7 Calculate radical scavenging activity using the following equation:



Where:
ABS control = absorbance of DPPH + methanol
ABS sample = absorbance of DPPH + extract

4. Cell viability analysis 

4.1 Culture normal human dermal fibroblasts (NHDF) in RPMI-1640 medium supplemented with 10% fetal bovine serum and 1% penicillin–streptomycin. Maintain cells at 37 °C with 5% CO₂.

4.2 Seed cells into 96-well plates at 3 × 10⁴ cells/well and incubate for 24 h.

4.3 Replace the medium with 100 µL of fresh medium and add 50 µL of extract solution. Incubate for 24 h.

4.4 Remove the medium and add 10 µL of MTT solution to each well. Incubate for 4 h to allow formazan formation.

CAUTION: MTT reagent is toxic and should be handled with gloves and appropriate protective equipment. Avoid skin and eye contact.

4.5 Add 60 µL of solubilization solution (HCl in isopropanol) to dissolve the crystals.

CAUTION: Hydrochloric acid is corrosive and can cause severe burns. Handle with appropriate protective equipment and work in a fume hood. Isopropanol is flammable and should be handled away from ignition sources in a well-ventilated area.

4.6 Measure absorbance at 540 nm using a spectrophotometer.

NOTE: Cell viability assays were conducted with treated and untreated control groups, with each condition analyzed in quadruplicate wells.

4.7 Calculate cell viability using:

 

Where:
ABS Cell Control = absorbance of untreated control wells containing cells and culture medium only.
ABS Sample Extract = absorbance of wells containing cells treated with the plant extract.

5. Green synthesis of magnesium nanoparticles

5.1 Add 9890 µL of distilled water to a sterile reaction tube.

5.2 Add 100 µL of plant extract.

5.3 Add 10 µL of 1 M MgCl₂ to obtain a final concentration of 10 mM.

CAUTION: Magnesium chloride may cause irritation. Handle with appropriate protective equipment and avoid contact with eyes and skin.

NOTE: The base reaction consists of 1% (v/v) extract + 10 mM MgCl₂ in 10 mL total volume. To optimize NP formation, the extract concentration may be adjusted while maintaining the final volume and MgCl₂ concentration.

5.4 Mix thoroughly to homogenize the solution.

5.5 Incubate at 75 °C for 18 h.

CAUTION: Elevated temperatures may cause burns. Use appropriate protective equipment when handling heated samples.

NOTE: A color change may indicate nanoparticle formation.

5.6 Allow the mixture to cool to room temperature before characterization.

6. Nanoparticle characterization

6.1 Dynamic light scattering (DLS)

6.1.1 Transfer ~750 µL of nanoparticle suspension into a measurement cell.

6.1.2 Place the cell into the instrument and perform measurements at 25 °C.

6.1.3 Acquire particle size data using an appropriate detection mode.

6.1.4 Analyze each sample in triplicate with five sub-runs per measurement.

6.2 Atomic force microscopy (AFM)

6.2.1 Deposit 10 µL of nanoparticle suspension onto freshly cleaved mica.

6.2.2 Dry the sample in a desiccator for 2 h.

6.2.3 Gently rinse the mica sheet three times with 20 µL of filtered distilled water. Return the sample to the desiccator and allow it to dry at room temperature for an additional 2 h.

NOTE: Rinsing removes excess salts and improves image quality.

6.2.4 Configure the atomic force microscope by performing instrument setup and laser alignment according to the manufacturer’s instructions. Acquire surface images of the NPs with a scan area of 500 × 500 nm.

NOTE: AFM is used to qualitatively assess surface roughness and visualize the morphological features of the MgNPs synthesized from S. adstringens, generating high-resolution three-dimensional surface images.

7. Formulation of nano-phytocosmetic

7.1 Heated phase

7.1.1 Weigh 29.7 g of purified water, 0.50 g of hydroxyethylcellulose (HEC), and 3 g of glycerin into separate containers.

7.1.2 Place the water in a magnetic stirrer and heat to 70–75 °C with gentle stirring.

7.1.3 Add HEC gradually to the heated water while stirring to avoid clumping.

NOTE: Hydration may require 15–30 min.

7.1.4 Add glycerin and mix until homogeneous.

7.2 Cool-down phase

7.2.1 In separate beakers, weigh 30 g of purified water, 3 g niacinamide, 33.3 g of MgNPs synthesized from S. adstringens, 0.3 g of low molecular weight hyaluronic acid, and 0.2 g of benzyl alcohol and dehydroacetic acid to form the cool-down phase.

7.2.2 Dissolve niacinamide completely in water at room temperature.

7.2.3 Add hyaluronic acid and mix until uniform.

7.2.4 Add S. adstringens MgNPs and mix gently.

7.2.5 Add preservative and mix.

7.3 Mixing

7.3.1 Cool the heated phase to ~40 °C.

7.3.2 Add the cool-down phase slowly to the heated phase while stirring.

7.3.3 Measure pH of the formulation. For serum formulations containing niacinamide, a target pH of 5.0–6.5 is appropriate.

NOTE: Niacinamide is stable around neutral to slightly acidic pH. Use small amounts of citric acid or sodium hydroxide to adjust pH if necessary.

8. Cosmetic stability evaluation

8.1 Preliminary stability (12 days)

8.1.1 Prepare four replicate samples of the cosmetic serum in sealed containers.

8.1.2 Subject the samples to six consecutive freeze–thaw cycles. Store the samples at 50 °C for 24 h and then at −5 °C for 24 h, completing one full cycle every 48 h.

8.1.3 After each cycle, record organoleptic characteristics by visually inspecting the formulation for changes in appearance, color, odor, and phase separation.

8.1.4 Measure pH of the four samples at room temperature, using a calibrated digital pH meter. Determine viscosity using a rotational viscometer according to the equipment manufacturer’s instructions.

NOTE: Variations ≤10% are acceptable. Changes exceeding this threshold may indicate formulation instability and should be further investigated. If the formulation passes the preliminary study, conduct an accelerated stability assay.

8.2 Accelerated stability (90 days)

8.2.1 Prepare eight samples of the cosmetic formulation. Store four samples at 50 °C and four samples at 4 °C.

8.2.2 Evaluate at 0, 1, 7, 15, 30, 60, and 90 days.

8.2.3 Evaluate and record organoleptic characteristics by visually inspecting the formulation for changes in appearance, color, odor, and phase separation.

8.2.4 Measure pH of the samples at room temperature, using a calibrated digital pH meter. Determine viscosity using a rotational viscometer according to the equipment manufacturer’s instructions.

[bookmark: _1poviy8nn0rl]NOTE: The stability assessment was conducted in accordance with guidelines established by the Brazilian Health Surveillance Agency19. In the United States, stability testing follows the FDA recommendations20. In the European Union, stability evaluation complies with Regulation (EC) No 1223/200921, which mandates inclusion of a Cosmetic Product Safety Report (CPSR). Annex I of this regulation requires documented stability data to support the safety and shelf life of the cosmetic formulation, with testing generally conducted in accordance with the harmonized guideline ISO/TR 18811:201822, "Guidelines on stability testing of cosmetic products”.

REPRESENTATIVE RESULTS: 
The drying process of plant bark is a crucial step in preserving bioactive compounds and ensuring their applicability in the food, pharmaceutical, and cosmeceutical industries. Conversely, inadequate drying can lead to excessive darkening, loss of aroma, microbial contamination, and degradation of bioactive compounds, thereby compromising the quality of the raw bark. Table 1 summarizes the criteria used to distinguish properly and improperly dried plant material.

Together, these factors emphasize that adequate drying is not merely a conservation technique but a determining factor in maintaining the functional and industrial value of plants rich in phenolic compounds with potential cosmeceutical applications. Proper drying reduces moisture content to safe levels, prevents microbial growth, and maintains the integrity of phenolic compounds, tannins, and flavonoids, which are directly related to antioxidant capacity23–25. The evaluation of antioxidant activity of plant extracts determines their biological potential and possible industrial applications. Extracts should present a dose-dependent response and low IC₅₀ values, indicating effectiveness at low concentrations (Figure 1A). In contrast, inconsistent responses may be observed as low and irregular inhibition even at higher concentrations (Figure 1B).

The potential of plant extracts in industrial applications, particularly in the pharmaceutical and cosmeceutical sectors, is highlighted. Extracts that maintain high cell viability (Figure 1C) demonstrate low cytotoxicity and good compatibility with biological systems, which are desirable characteristics for formulations that come into direct contact with human cells, such as cosmetics. Conversely, extracts associated with reduced cell viability (Figure 1D) demonstrate cytotoxicity that limits their application in topical or oral products and may restrict their use to specific contexts, such as potential antitumor applications, where the desired effect is the induction of cell death.

In dynamic light scattering (DLS), size distribution and correlation graphs reveal distinct patterns depending on particle size and population (Figure 2). For small nanoparticles (NPs), the size distribution graph shows a narrow, sharp peak at approximately 70 nm, indicating a monodisperse population, and the correlation curve decays rapidly because smaller particles move faster under Brownian motion (Figure 2A). Larger or more heterogeneous particle populations exhibit broader distributions shifted toward higher diameters, and the correlation function decays more slowly because larger particles diffuse more slowly in solution (Figure 2B). Mixed populations may present multiple peaks or asymmetric distributions, indicating the presence of both small particles and aggregates (Figure 2C). Zeta potential measurements provide insight into nanoparticle stability. Values in the range of ±20 to ±30 mV are generally associated with increased colloidal stability due to electrostatic repulsion, whereas values close to zero may indicate a greater tendency toward aggregation.

AFM images of MgNPs synthesized from S. adstringens using this protocol are shown in Figure 3. The image illustrates typical morphological features observed upon successful synthesis, suggesting that NPs exhibit a smooth surface and predominantly elliptical morphology, depending on the extract source. The measured size should corroborate DLS analyses, which show NPs ranging from 80–180 nm. Metal nanoparticles may exhibit diverse morphologies, including spherical, rod-shaped, or prismatic forms, depending on synthesis conditions.

To evaluate formulation stability, two representative serum formulations were assessed over 90 days by monitoring pH, viscosity, and antioxidant activity (Figure 4). A stable formulation is typically characterized by minimal pH variation within the dermocosmetic range (approximately 5.0–6.0), consistent viscosity over time, and preservation of antioxidant activity. In contrast, instability may be indicated by pH drift, reduction in viscosity, and loss of functional activity.

For example, stable formulations maintain consistent physicochemical properties and bioactivity throughout the testing period, whereas unstable formulations may exhibit progressive degradation, including increased pH, reduced viscosity, and reduced antioxidant capacity. These changes may result from extract instability, nanoparticle aggregation, or incompatibility among formulation components.

Overall, these results illustrate key indicators of successful protocol execution and highlight the importance of extract quality, nanoparticle formation, and formulation strategy in achieving stable and functional cosmetic products.

FIGURE AND TABLE LEGENDS:
Figure 1: Representative antioxidant activity and cytotoxicity evaluation of plant extracts.
(A–B) Antioxidant activity (%) of samples at concentrations ranging from 0.1% to 5%. The triangle (▲) represents the positive control (ascorbic acid), the circle (●) represents a sample with higher antioxidant activity, and the square (■) represents a sample with lower antioxidant activity. (C–D) Cell viability of normal human dermal fibroblasts following exposure to representative extracts across the same concentration range. Data are presented as mean ± standard deviation (SD) of four replicate experiments (n = 4).

Figure 2: Representative particle size distribution of nanoparticles measured by dynamic light scattering (DLS). (A) Sample with a mean particle size of approximately 70 nm and narrow distribution (PDI = 0.09). (B) Sample with larger particles (approximately 450 nm) and increased size distribution (PDI = 0.08). (C) Sample exhibiting a bimodal distribution, with particle populations around 30 nm and 180 nm and a polydispersity index (PDI) > 0.3.

Figure 3. Atomic force microscopy image illustrating the morphology of MgNPs synthesized using S. adstringens extract. The nanoparticles exhibit predominantly elliptical shapes with sizes ranging from approximately 80 to 180 nm. Reproduced from Brazilian patent application BR 10 2025 015416 1 with permission from the inventor (see Supplementary File 1).

Figure 4: Representative stability analysis of two cosmetic serum formulations.  (A) pH variation over time. (B) Viscosity changes during storage. (C) Antioxidant activity over the evaluation period. Dashed lines indicate a ±10% variation relative to the initial measurement. Data are presented as mean ± standard deviation (SD) of four replicate experiments (n = 4).

Table 1: Criteria used to classify proper and improper drying of plant material. The table summarizes key physical, chemical, and stability-related parameters used to evaluate drying quality, including final moisture content, bark appearance, aroma/odor, preservation of bioactive compounds (phenolics, tannins, and flavonoids), and implications for storage stability.

Supplementary File 1: Authorization letter for reuse of Figure 3 from Brazilian patent application BR 10 2025 015416 1. This document contains the authorization letter provided by the inventor permitting the reuse of the atomic force microscopy image (Figure 3) from Brazilian patent application BR 10 2025 015416 1 in this manuscript.

DISCUSSION: 
The protocol presented here describes a reproducible workflow for the green synthesis of MgNPs using S. adstringens extract and their incorporation into a nanophytocosmetic serum formulation. Several steps are critical to ensure reliable results. First, the collection and documentation of plant material must be carefully standardized, including accurate recording of geographic coordinates, environmental conditions, and phenological stage, since variability in plant physiology and secondary metabolite content can directly affect extract composition and, therefore, the efficiency of NP reduction and stabilization16,17.

Moisture content is a fundamental parameter, as excessive water in plant material can facilitate chemical and microbiological degradation of compounds and compromise the standardization and stability of the extracts obtained23. For this reason, monitoring moisture levels during processing is important to ensure reproducibility, as plant material typically has a moisture content between 60% and 80%. Additionally, drying conditions require careful control, since excessive temperatures can degrade thermolabile secondary metabolites, particularly volatile compounds, thereby affecting extract composition and biological activity24,25.

Plant extracts used in green NP synthesis are rich in bioactive phytochemicals, including flavonoids and phenolic compounds, which contribute to antioxidant activity and can act as reducing and stabilizing agents during NP formation26. These compounds can neutralize reactive species through electron or hydrogen donation and through metal-chelating mechanisms27,28. However, at high concentrations, certain phytochemicals may also exhibit pro-oxidant behavior under specific conditions, such as exposure to light, oxygen, or transition metals28. Consequently, optimizing extract concentration is an important step in the protocol to balance NP reduction efficiency while minimizing undesirable side reactions.

Biological evaluation of plant extracts and NP formulations commonly includes in vitro cytotoxicity assessment to verify safety and compatibility with epithelial or other mammalian cells29,30. Tetrazolium-based assays, such as the MTT assay, measure cellular metabolic activity by reducing tetrazolium salts to formazan crystals and are widely used for this purpose31. However, plant extracts containing natural pigments or redox-active compounds may interfere with these assays by directly reducing the tetrazolium reagent, producing false-positive or false-negative results32. This limitation should be considered when interpreting viability data, and appropriate controls or complementary assays may be necessary to confirm biological responses.
Considering these methodological constraints, green synthesis approaches have gained increasing attention, as they are cost-effective, environmentally friendly, and compatible with sustainable practices, unlike top-down physical methods. Compared with conventional chemical synthesis methods, this protocol avoids the use of toxic reducing agents and offers a simplified workflow, providing a safer alternative for biomedical and cosmetic applications while enhancing scalability under controlled conditions33. The synthesis stage for MgNPs is highly dependent on reaction parameters, including the optimization of plant extract concentration, magnesium salt concentration, pH, and incubation temperature. Phytochemicals containing hydroxyl groups, such as flavonoids, polyphenols, and alkaloids, act as both reducing and stabilizing agents of metallic ions during NP formation; therefore, parameters such as extract concentration can directly modulate NP nucleation and aggregation, while higher concentrations of the salt can generate larger particles34,35. Temperature is equally decisive, as higher incubation temperatures often accelerate reduction reactions and favor the formation of smaller, more uniform NPs. However, extreme temperatures can degrade the compounds, whereas lower temperatures tend to produce larger, less stable structures34.

Troubleshooting common issues, such as particle aggregation or irregular morphologies, often involves adjusting the extract-to-salt ratio, optimizing incubation time, or refining the reaction temperature. These adjustments highlight the protocol’s flexibility while underscoring the need for systematic evaluation of parameters. Despite its advantages, the method has limitations. The composition of plant extracts can vary depending on species, seasonality, and extraction method, leading to batch-to-batch variability17. These constraints must be considered when aiming for reproducibility in large-scale cosmetic applications.

Following NP synthesis, physicochemical characterization represents a critical step in validating the green synthesis protocol and ensuring reproducibility. This protocol employs DLS and AFM as complementary methods to evaluate size, homogeneity, predict colloidal stability, and visualize morphology. DLS provides rapid measurements of hydrodynamic diameter, size distribution, and zeta potential of NPs in suspension, based on the analysis of Brownian motion and light scattering36. However, the technique has limitations, as it is highly sensitive to particle aggregation, meaning that even small numbers of agglomerates may influence the distribution profile and lead to overestimation of particle size36. Consequently, careful sample preparation and dilution are important troubleshooting steps when interpreting DLS results. AFM complements DLS by providing direct visualization of NP morphology and surface topography at the nanoscale. Unlike DLS, AFM measurements are not influenced by hydrodynamic effects, allowing for qualitative assessment of particle shape and surface roughness37. The combination of these techniques provides complementary information about NP populations in suspension and individual particle structure38. Although additional techniques such as UV–Vis spectroscopy, FTIR, XRD, SEM, and TEM can further support NP characterization, their use depends on equipment availability and the level of structural detail required.

After characterization, green-synthesized MgNPs have been explored for use in antioxidant delivery systems, antimicrobial formulations, and cosmetic applications33,39. In this protocol, a facial serum containing MgNPs synthesized from an S. adstringens extract was prepared by mixing excipients commonly used in cosmetic formulations, including glycerin, niacinamide, hydroxyethylcellulose (HEC), hyaluronic acid, and preservative agents. Preparation of such formulations must comply with Good Manufacturing Practices (GMP) for cosmetics, as established by regulatory agencies, including ANVISA19, the U.S. FDA GMP40, and the European Union regulatory framework (Regulation (EC) No. 1223/200921) and ISO 22716:200741. Proper sterilization of utensils and containers represents an essential procedural step to prevent microbial contamination during formulation development.

Stability evaluation, including monitoring parameters such as pH, viscosity, color, odor, and homogeneity, is also a critical step in ensuring formulation integrity, as deviations may indicate chemical degradation, microbial contamination, or incompatibility between active ingredients and excipients42. Although accelerated stability tests help predict formulation behavior, they cannot fully replicate long-term storage conditions. When instability occurs, troubleshooting may involve pH adjustment, modification of stabilizing excipients, or reassessment of formulation–packaging compatibility42,43. Overall, plant-mediated NP synthesis represents a sustainable alternative to conventional NP fabrication methods that rely on high-energy processes or hazardous reducing agents7, and future studies may expand this approach to other metal ions or nanophytocosmetic delivery systems.
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