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Introduction

In recent years, nanocarriers have emerged as sophisticated platforms for the encapsulation and targeted delivery of agricultural chemicals, with particular emphasis on auxins. Owing to their remarkable potential to enhance bioavailability and optimize crop productivity, these nanotechnological systems have garnered considerable scientific interest. 





Methods

Here, the synthesis and efficacy of silver-cerium oxide (ceria) nanoparticles (Ag@CeO2 NPs) as a metal-oxide nanocarrier for loading the hormone indole-3-butyric acid (IBA) and its effect on tobacco plant rooting were investigated. Tobacco plant stems were cultured in different concentrations of IBA−Ag@CeO2 NPs (1, 2, and 3 mgL-1) in plant culture medium, and rooting indices were evaluated after 4 weeks. 





Results and Discussion

The mean particle size (MPS) of IBAloaded Ag@CeO₂ nanoparticles was determined to be 389 nm via dynamic light scattering (DLS) analysis. Scanning electron microscopy (SEM) further revealed that the nanoparticles possessed a predominantly spherical morphology, with a mean diameter of approximately 136 nm. The successful immobilization of IBA onto the Ag@CeO₂ nanocarriers was confirmed by Fourier-transform infrared spectroscopy (FTIR), which identified the characteristic absorption peaks of the hormone on the nanoparticle surface. Moreover, the IBA loading process achieved a hormone loading efficiency (HLE) of 45% and an encapsulation efficiency (EE) of approximately 90%. The results showed that IBA−Ag@CeO2 NPs at a concentration of 2 mgL-1 had the highest efficiency in promoting the rooting of tobacco (Nicotiana tabacum) plants compared with other treatments. Our results suggest that Ag@CeO2 NPs function as an effective nanocarrier for delivering the IBA hormone, highlighting their potential applications in agricultural practices.
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1 Introduction

Nanobiotechnology has rapidly emerged as a multidisciplinary frontier, integrating the principles of nanoscience and biotechnology to unlock novel, biology-driven applications. Nanomaterials, characterized by their unique one-dimensional or multi-dimensional architectures, have found widespread utility across a spectrum of scientific and technological domains. The synergistic convergence of nanotechnology and biotechnology has catalyzed transformative advancements in human well-being, with profound implications for sectors such as agriculture. Nanomaterials are typically classified as natural, incidental, or engineered, with the latter category-engineered nanomaterials-garnering considerable attention due to their tailored physicochemical properties and versatile applications in medicine, materials science, and agriculture. In the agricultural context, engineered nanoparticles have been strategically employed as “nanocarriers,” enabling the precise delivery of herbicides, agrochemicals, or genetic material to targeted plant tissues. This targeted delivery enhances the efficacy of active agents, facilitates controlled release, and ultimately contributes to the optimization and sustainability of modern agricultural practices (Ghorbani and Kahrizi, 2024; Lian et al., 2012; Zakaria et al., 2015). Nanotechnology is one of the advanced technologies in agricultural science because it enables material manipulation at the microscale compared to the micro- or macro scale (Kandasamy and Maity, 2015; Sukumaran et al., 2018). A diverse array of nanoparticles has been synthesized and systematically evaluated for their multifaceted effects on plant tissue culture systems. These investigations have encompassed the mitigation of fungal and bacterial contamination (Abdi et al., 2008; Safavi, 2014), the enhancement of shoot proliferation (Aghdaei et al., 2012), the promotion of somatic embryogenesis and subsequent regeneration (Chutipaijit, 2015), the induction of callus formation (Amiri et al., 2016), the stimulation of root development (Wang et al., 2016; Thangavelu et al., 2018), and the modulation of leaf physiological activity (Pereira et al., 2017). Previous studies have demonstrated that the encapsulation of agrochemicals, such as herbicides, within nanoparticulate carriers significantly enhances the efficacy of weed control while simultaneously improving environmental safety (Oliveira et al., 2015). Moreover, it has been proposed that biodegradable nanoformulations not only facilitate superior permeability through plant micro-cuttings but also enable the controlled and targeted release of active agents upon reaching the intended plant tissues (Santo Pereira et al., 2017; Karakeçili et al., 2019). In addition to their delivery capabilities, nanoparticles inherently possess antimicrobial, antifungal, and insecticidal properties, thereby contributing to effective disease management and ultimately enhancing agricultural productivity (Woodward and Bartel, 2005; Nuzzo et al., 2014).

Cerium (Ce), a lanthanide element distinguished by its 4f electron configuration, has garnered significant attention from researchers across the disciplines of physics, chemistry, biology, and materials science. In particular, cerium oxide (CeO₂), which adopts a stable fluorite crystal structure in nanoparticle formulations, exhibits unique physicochemical characteristics due to its oxygen-rich lattice (Conesa, 1995). Notably, CeO₂ nanoparticles possess intrinsic oxidase-mimetic activity, rendering them exceptionally valuable for a wide array of biological applications, including bioanalysis, agriculture, biomedicine, drug delivery, and tissue engineering scaffolds. These multifunctional properties position cerium oxide as a material of considerable scientific intrigue and commercial promise (Karakoti et al., 2010; Mandoli et al., 2010; Celardo et al., 2011; Li et al., 2013; Xu et al., 2013). Ag@CeO₂ NPs represent a highly promising platform for advancing agricultural productivity and sustainability. These nanostructures enable the targeted delivery of essential nutrients, thereby significantly enhancing their bioavailability and uptake by plants. Furthermore, the application of Ag@CeO₂ NPs as nanopesticides offers the potential to reduce dependence on conventional chemical pesticides, thus fostering more environmentally sustainable agricultural practices (Upadhyaya et al., 2023). At subtoxic concentrations, cerium oxide nanoparticles (CeO₂ NPs) have been shown to stimulate plant growth and physiological processes, as well as to activate stress-responsive signaling pathways that facilitate the scavenging of reactive oxygen species (ROS) generated under adverse conditions (Viswanathan et al., 2024). In addition, silver nanoparticles (Ag NPs) are well-documented for their potent antibacterial, antifungal, and antiviral activities, which contribute to effective disease management and improved crop yields, ultimately enhancing overall plant resilience. Despite these substantial benefits, it is imperative to address potential concerns regarding the toxicity of Ag@CeO₂ NPs to non-target organisms and the broader environment. Comprehensive risk–benefit assessments are therefore essential to ensure the safe and responsible deployment of these nanomaterials in agricultural systems (Kumari and Singh, 2016).

Auxins are a class of phytohormones that play a pivotal role in regulating plant growth and orchestrating the formation of adventitious roots (Nuzzo et al., 2014; Labeeuw et al., 2016). In horticultural practice, insufficient root development remains a persistent challenge, with substantial economic repercussions-accounting for the annual loss of 10–25% of nursery plants and approximately 5% of ornamental species worldwide. Although exogenous application of auxins has been widely adopted to stimulate rooting and facilitate the propagation of cuttings, this approach frequently yields inconsistent outcomes, particularly in recalcitrant species or genotypes. Recent advances in nanotechnology have introduced alternative strategies for rooting, offering promising solutions to these limitations. Nanotechnology-enabled rooting techniques not only enhance the rooting efficiency of otherwise difficult-to-propagate species but also present a cost-effective, straightforward, and safe management strategy for improving overall plant propagation success (Thangavelu et al., 2018). IBA is a pivotal plant growth regulator that plays an essential role in stimulating root development and facilitating seed germination across a diverse range of plant species. Although IBA exhibits greater chemical stability than indole-3-acetic acid (IAA), both auxins are inherently susceptible to degradation over time. Notably, IBA is transported within plant tissues at a slower rate compared to IAA, a characteristic that may constrain its efficacy in promoting root formation (Epstein and Ludwig-Müller, 1993). Furthermore, the rapid metabolic conversion of IBA in planta-primarily through conjugation-can significantly diminish its sustained bioactivity, thereby reducing its availability for effective root induction when required (Damodaran and Strader, 2019). These limitations underscore the pressing need for environmentally benign formulations that can mitigate auxin degradation and minimize losses, as emphasized in previous research (Dong et al., 2018). Despite advances in plant tissue culture (PTC) techniques, recalcitrant genotypes have yet to consistently benefit from conventional auxin-based rooting protocols. Recent investigations have demonstrated that nanoscale formulations offer a promising alternative for enhancing rooting efficiency. For example, Shlar and Poverenov (2021) reported that encapsulation of IAA within magnesium–aluminum layered double hydroxide matrices markedly improved adventitious root formation and development in mung bean (Vigna radiata (L.) Wilczek), attributable to the protection of IAA from enzymatic degradation and its sustained, controlled release from the nanocarrier. Such findings highlight the transformative potential of nanotechnology-enabled delivery systems in overcoming the intrinsic limitations of traditional auxin applications. Clemente et al. (2019) introduced an environmentally benign, lipid-based nanocarrier system for the co-delivery of IBA and naphthaleneacetic acid (NAA), utilizing olive pomace in combination with two distinct phospholipids to formulate the nanoencapsulated hormones. The efficacy of this innovative nanocarrier was evaluated using olive tree cuttings from two cultivars: ‘Leccino,’ characterized by facile rooting, and ‘Leccio del Corno,’ known for its recalcitrance to root induction. Their findings revealed that application of the nanocarrier, in conjunction with both auxins, resulted in a pronounced increase in both root number and length across both cultivars. Given the pivotal role of the rooting stage in micropropagation-and the substantial economic losses that may arise from unsuccessful root induction-there is a critical need for novel strategies to enhance rooting efficiency. The integration of nanotechnology with micropropagation has thus emerged as a highly promising approach to overcome these limitations (Kashyap et al., 2015). In light of these advances, the present study was designed to prepare indole-3-butyric acid immobilized on Ag@CeO₂ NPs and to systematically evaluate its efficacy in promoting root formation in tobacco (Nicotiana tabacum) plants (Figure 1).




Figure 1 | Schematic illustration for preparation of hormone indole−3−butyric acid loaded on silver−ceria nanoparticles (IBA−Ag@CeO2 NPs) and biological application.






2 Materials and methods

The chemicals were procured from Fluka (Buchs, Switzerland), Sigma−Aldrich (St. Louis, MO, USA) and Merck (Darmstadt, Germany) corporations and used as received without undergoing additional purification procedures. For the average size, the hydrodynamic diameter was measured using a dynamic light scattering (DLS) (Malvern Zetasizer Nano S90) instrument. The surface charge of IBA−loaded Ag@CeO2 NPs was evaluated using Zeta potential measurement. Morphology and particle size distribution were analyzed from multiple fields of view. Freeze-dried nanoparticles were mounted on aluminum stubs using double-sided carbon tape and sputter-coated with a thin layer of gold to enhance conductivity. Scanning electron microscopy (SEM) images were obtained using an SEM equipped with an energy-dispersive X−ray analyzer (EDAX) (Quanta 450, FEI,USA) at an accelerating voltage of 20 kV. Powdered samples were analyzed using a Bruker D8 Advance X-ray diffractometer with Cu Kα radiation (λ = 1.54050 Å) operated at 40 kV and 40 mA. Data were collected over a 2θ range of 10° to 80° with a step size of 0.02° and scan speed of 1°/min. Phase identification was performed by comparing diffraction peaks with standard JCPDS reference patterns. Samples (IBA, Ag@CeO₂ NPs, and IBA-loaded Ag@CeO₂ NPs) were ground with KBr and pressed into pellets. FTIR spectra were recorded on a Shimadzu Prestige-21 spectrometer in the range of 400–4000 cm−1 with a resolution of 4 cm−1 and 32 scans per sample. A Setaram instrument was used to perform thermogravimetric analysis (TGA) (STA6000, PerkinElmer, Waltham, MA, USA) in a nitrogen atmosphere, with a 10°C/min heating rate over a 30-650°C temperature range. Encapsulation efficiency (EE) measures the percentage of nanoparticles that successfully encapsulate drugs. On the other hand, hormone loading efficiency (HLE) is the amount of drug loaded per unit weight of the nanoparticle.%EE and %HLE were measured using Equations 1 and 2 (Korpayev et al., 2021).

 

 

The controlled release of IBA from Ag@CeO2 NPs was studied in the phosphate-buffered saline (PBS) medium using a dialysis bag method with a cellulose membrane tube (molecular weight cutoff: 12 kDa). All experiments were conducted in triplicate, and the findings were subsequently reported. The experimental data were subjected to analysis utilizing SPSS software. We have conducted a comprehensive statistical analysis using the analysis of variance (ANOVA) and post-hoc Tukey’s Honest Significant Difference (HSD) tests to compare the mean root length, dry and fresh root weights, and day to rooting among the different concentrations of IBA−Ag@CeO2 NPs.



2.1 Preparation of Ag@CeO2 nanoparticles and loading of IBA hormone



2.1.1 Synthesis of Ag@CeO2 NPs

The synthesis of Ag@CeO₂ nanoparticles was performed according to the method described by Kayama et al. (2010), with slight modifications. Briefly, 5.049 g (11.628 mmol) of cerium nitrate hexahydrate (Ce(NO₃)₃·6H₂O) and 2.963 g (17.44 mmol) of silver nitrate (AgNO₃) were dissolved in 15 mL of deionized water. To this premixed solution, 3.56 g of ammonia solution (25% NH₄OH) was added dropwise under vigorous stirring at 350 rpm for 1 minute at ambient temperature. The resulting black coprecipitate was subsequently subjected to hydrothermal treatment in an autoclave at 120°C for 10 minutes. The product was then collected by centrifugation, yielding a golden brown solid, which was further calcined at 500°C for 5 hours in air to obtain the final Ag@CeO₂ NPs.




2.1.2 Preparation of IBA−loaded Ag@CeO2 NPs

The process of loading IBA onto the Ag@CeO2 NPs involved the following steps:

1. Solubilization of IBA:

IBA (60 mg) was dissolved in either 900 μL of absolute ethanol or 900 μL of NaOH solution. The resulting solution was then diluted with 20 mL of an ethanol/water mixture (50:50, v/v) at room temperature to ensure optimal dispersion.

2. Hormone loading:

Subsequently, 60 mg of the previously synthesized Ag@CeO₂ NPs were added to the IBA solution. The mixture was stirred at ambient temperature for 4 hours to facilitate the adsorption of IBA onto the nanoparticle surfaces. After stirring, the solution was allowed to stand undisturbed for 24 hours to maximize loading efficiency.

3. Separation and purification:

The resulting suspension was centrifuged at 10,000 rpm for 15 minutes to separate the IBA–loaded Ag@CeO₂ NPs. The collected nanoparticles were transferred into Eppendorf tubes and stored at −20°C. The frozen nanoparticles were then lyophilized using a freeze-drier (alpha 2–4 LD plus, Christ, Osterode am Harz, Germany).

This process yielded purified IBA–loaded Ag@CeO₂ NPs, which were subsequently characterized and evaluated for their potential applications in enhancing plant development and growth (Karakeçili et al., 2019).




2.1.3 Loading efficiency and controlled release of IBA in PBS medium

The hormone loading efficiency (HLE) and encapsulation efficiency (EE) of IBA in Ag@CeO₂ NPs were evaluated by constructing a standard curve for IBA. To this end, several concentrations of IBA were prepared, and their absorbance was measured using UV-Vis spectroscopy in the wavelength range of 200–800 nm. After establishing the standard curve, a T-test was used to address any issues related to adsorption at specific concentrations. The standard linear equation was then derived, and UV-Vis spectroscopy was employed to measure the absorbance at 221 nm for the IBA-loaded Ag@CeO₂ NPs. The suspension containing IBA-loaded Ag@CeO₂ NPs was centrifuged at 10,000 rpm for 25 minutes at 4°C. The resulting supernatant was diluted twofold, and the samples were analyzed spectroscopically. Using the standard linear equation for IBA and the absorbance at 221 nm, the %EE and %HLE were calculated according to Equations (1) and (2).

Herein, the dialysis bag method was employed to investigate the controlled release of IBA from IBA-loaded Ag@CeO₂ NPs in phosphate-buffered saline (PBS). A cellulose membrane (MWCO: 12 kDa) was used for this study. Initially, 7 mL of the IBA-loaded Ag@CeO₂ NPs suspension was placed into the dialysis bag, which was then submerged in 150 mL of PBS (pH 5.8) at 25°C. Samples were systematically collected at predetermined time intervals (0, 1, 2, 3, 4, 5, 12, 20, 28, 36, 44, 52, 60, and 68 hours) to evaluate the release profile. To maintain a constant total volume, an equivalent amount of PBS was added to the vessel at each sampling point. The release medium volume was kept at least three times greater than the saturation volume of IBA at the experimental temperature (25°C) to ensure sink conditions. All measurements were performed in triplicate. The collected samples were analyzed by UV-Vis spectroscopy at the wavelength corresponding to the maximum absorption of IBA. The resulting data were used to construct a release profile showing the percentage of IBA released from the IBA-loaded Ag@CeO₂ NPs over time. This controlled release study provided important insights into the kinetics and efficacy of IBA release from the nanoparticles in a simulated physiological environment. These findings are essential for understanding the potential applications of IBA-loaded nanoparticles in promoting plant growth and development.




2.1.4 Plant tissue culture experiments

This study investigated tobacco plants (Nicotiana tabacum). Plant tissue culture experiments were conducted in a controlled environment. The culture room temperature was maintained at 25°C. Uniform illumination of 1000 lux was provided by fluorescent lamps, following a 16-hour light and 8-hour dark cycle. The Murashige and Skoog (MS) medium, specifically used for plant tissue culture, was prepared according to standard procedures (Murashige and Skoog, 1962). The medium contained 3% sucrose and 0.8% agar, with the pH adjusted to 5.8. All media and equipment were sterilized by autoclaving at 121°C for 15 minutes.




2.1.5 Experimental design and treatments

Stems from the tobacco plant (Nicotiana tabacum) were used as the primary experimental material. Stem segments, each approximately 2 cm in length and containing two lateral buds, were excised and cultured in media with different treatments involving IBA–Ag@CeO₂ NPs. The explants were surface sterilized by immersion in 70% ethanol for 1 minute, followed by treatment with 2% sodium hypochlorite solution containing 0.1% Tween-20 for 15 minutes. After sterilization, the explants were rinsed three times with sterile distilled water. The experimental setup included three groups: a control group with hormone-free medium, a group treated with IBA in solution at concentrations of 1, 2, and 3 mgL-1, and a group treated with IBA–Ag@CeO₂ NPs at the same concentrations. The stem segments were placed in glass containers measuring 90 mm × 80 mm, each containing 60 mL of culture medium, and maintained under controlled culture conditions.

After four weeks, the stems were evaluated for average root length, maximum root length, fresh weight, dry weight, and time to rooting. The experiment followed a completely randomized design (CRD) with three replications, using two stems per replication. This approach enabled a comparative analysis of the effects of IBA in solution and IBA–loaded nanoparticles on the rooting and growth characteristics of the tobacco stem segments. The control group served as a baseline for assessing the effectiveness of the treatments.




2.1.6 Statistical analysis

The data obtained from the plant tissue culture experiments were analyzed using specific statistical methods. Prior to conducting the ANOVA, the normality of the data distribution was assessed to ensure that the assumptions of ANOVA were met. One-way ANOVA was performed using SPSS version 26 to determine whether significant differences existed among the treatment groups. Following the ANOVA, post-hoc Tukey’s HSD tests to compare the mean root length, dry and fresh root weights, and day to rooting among the different concentrations of IBA−Ag@CeO2 NPs and Duncan’s Multiple Range Test was employed to compare the means of the different treatment groups and identify any statistically significant differences. The significance level was set at P < 0.05.






3 Results



3.1 Characterization of the IBA−Ag@CeO2 NPs

A comprehensive physicochemical characterization of IBA−Ag@CeO2 NPs was performed using multiple techniques, including FT−IR, SEM, UV−visible spectrophotometer, EDAX, XRD, TGA, as well as determination of zeta potential, polydispersity index (PDI), and average particle size.



3.1.1 Assessment of zeta size and zeta potential

ZP and Zetasizer techniques were utilized to characterize IBA−loaded Ag@CeO2 NPs (Figure 2). After hormone loading, the mean diameter was 364 and 389 nm for Ag@CeO2 NPs and synthesized IBA−loaded Ag@CeO2 NPs, respectively. PDI=0.414 (<0.5) indicated a colloidal suspension with a uniform particle size distribution. Notably, the increase in hydrodynamic diameter following hormone loading was significant. This variation in particle size can be attributed to particle agglomeration during sample preparation, a phenomenon commonly observed in water-dispersed nanoparticles (Ghaffari et al., 2017). Nanoparticles ranging from 5 to 100 nm can form 200 to 800 nm agglomerates, significantly altering the effective particle size in a fluid (Yang et al., 2012). The zeta potential value of Ag@CeO2 NPs is -34.5 mV which exceeds the commonly accepted threshold of ±30 mV for stable nanoparticle suspensions (Berg et al., 2009). This indicates that the synthesized nanoparticles possess good colloidal stability and are unlikely to aggregate under storage and experimental conditions. After hormone loading, the zeta potential decreased to -27.8 mV, showing that the IBA−loaded Ag@CeO2 NPs still have good stability.




Figure 2 | Particle size distribution of (a) IBA−Ag@CeO2 NPs and zeta potential (mV) value for (b) IBA−Ag@CeO2 NPs.






3.1.2 Electron microscopy analysis

Elemental characterization and morphological analysis of Ag@CeO2 NPs and IBA−Ag@CeO2 NPs were performed using a field-emission scanning electron microscope (SEM, Quanta 450, FEI, USA) equipped with an EDAX energy dispersive X-ray analyzer. The SEM image of IBA−Ag@CeO2 NPs (Figure 3A) revealed a spherical morphology with an average particle size of 136 nm. EDAX analysis (Figure 3B) showed that Ag@CeO2 NPs contained 51.04% cerium, 36.37% silver, and 12.60% oxygen. After loading with IBA, the intensity of cerium and silver peaks decreased, and a notable carbon content (12.82%) was detected, confirming the presence of IBA molecules (Figure 3C). The SEM images indicated that the nanoparticles were uniformly dispersed, with only minor aggregation observed in localized areas. This uniform dispersion suggests successful synthesis and stabilization of the nanoparticles, which is further supported by EDAX elemental mapping confirming the homogeneous distribution of Ag and Ce elements.




Figure 3 | (a) SEM image of IBA−Ag@CeO2 NPs and EDAX spectra of (b) Ag@CeO2 NPs and (c) IBA−Ag@CeO2 NPs.






3.1.3 Fourier transform infrared analysis

Figure 4 illustrates the FTIR spectra of IBA, Ag@CeO2 NPs, and IBA−Ag@CeO2 NPs. The IBA spectrum (Figure 4A) shows distinct peaks corresponding to a variety of molecular vibrations. Particularly, the band at 3392 cm-1 is assigned to the stretching vibration of the N–H group. The peaks at 1622, 2877, and 2945 cm-1 represent the bending and stretching vibrations of –CH2 groups. The vibrations at 1695 cm-1 and aromatic C–H stretching vibrations at 3039 cm-1 demonstrate the existence of the carboxylate ion (COOˉ) band (Socrates, 1994; Ambrogi et al., 2006). The FT−IR spectrum of Ag@CeO2 NPs (Figure 4B) observed peaks at 518 cm-1 and 1111 cm-1 showing in Ce−O bonds (Srivastava et al., 2013). The O−H stretching vibration caused by water adsorption was observed at approximately 3421 cm-1. The previous peak was also observed in Figure 4C, which was attributed to IBA−Ag@CeO2 NPs. The band located at approximately 3390 cm-1 arises from the N-H stretching vibration of IBA. The strong peaks observed at 2924 cm-1 and 2854 cm-1 are also assigned to the C−H stretching vibrations. The presence of the characteristic band at approximately 1699 cm-1 is usually associated with the presence of a carbonyl bond (C=O). This observation indicates that the introduction of IBA into the Ag@CeO2 NPs is successful.




Figure 4 | FT−IR Spectra of (a) IBA, (b) Ag@CeO2 NPs, (c) IBA−Ag@CeO2 NPs.






3.1.4 Hormone loading efficiency and release in PBS

The HLE for IBA was determined to be 45.2 ± 1.8%, while the EE reached 89.7 ± 2.3% (mean ± SD, n=3). Both parameters were calculated based on the standard linear equation derived for IBA. The release profile of IBA from IBA−Ag@CeO2 NPs was evaluated using a dialysis bag assay and UV spectroscopy. Results showed an initial rapid release of 15% within the first 36 hours, followed by a sustained and steady release, reaching a cumulative total of 18% over 68 hours (Figure 5).




Figure 5 | Release diagram of IBA from IBA−loaded Ag@CeO2 NPs.



In this study, the release of IBA from Ag@CeO2 NPs followed the zero-order kinetic model, considering the correlation coefficient. In zero-order kinetics, the release rate of the active ingredient remains constant over time and is independent of the concentration remaining in the carrier. This model is increasingly applied in agricultural nanoparticle systems because it ensures a consistent delivery rate, which is critical for optimizing plant uptake and reducing environmental impact (Haydar et al., 2024).




3.1.5 XRD analysis

The XRD spectrum of Ag@CeO₂ NPs, measured using Cu Kα radiation (Figure 6), confirms the crystalline structure and phase composition. Distinct peaks at 2θ = 28.6°, 33.2°, 47.5°, 56.5°, 59.2°, 69.4°, 76.7°, and 79.1°correspond to the (111), (200), (220), (311), (222), (400), (331), and (420) crystal planes of the face-centered cubic (FCC) phase of CeO₂. These peaks align with the standard cubic fluorite structure of CeO₂ (JCPDF 75-8371) (Palard et al., 2010). Additional peaks attributed to metallic Ag are observed, confirming the coexistence of Ag and CeO₂ phases. The absence of peak shifts in the CeO₂ diffraction pattern suggests that Ag nanoparticles are surface-decorated rather than incorporated into the CeO₂ lattice. The sharp and well-defined peaks indicate high crystallinity, while the distinct separation between Ag and CeO₂ reflections demonstrates the successful synthesis of Ag@CeO₂ nanocomposites.




Figure 6 | XRD pattern of Ag@CeO2NPs.






3.1.6 Thermal analysis

To evaluate the IBA content and thermal stability of Ag@CeO2 NPs, thermogravimetric analysis (TGA) was performed (Figure 7). The TGA curve of IBA-loaded Ag@CeO2 NPs displayed three distinct weight loss steps. The first step, accounting for 3.2% weight loss below 150 °C, corresponds to the loss of adsorbed water. The second stage, with a 12.8% weight loss between 150–350 °C, is attributed to the decomposition of organic residues and the loaded IBA. The final stage, occurring above 350°C, resulted in an additional 4.5% weight loss, which is likely due to further degradation and stabilization of the nanoparticle structure. These results confirm the successful loading of IBA onto Ag@CeO2 NPs and demonstrate the thermal stability of the nanocomposite across a broad temperature range.




Figure 7 | TGA curve of IBA−Ag@CeO2 NPs.






3.1.7 The effect of IBA−Ag@CeO2 NPs on Nicotiana tabacum Rooting

To our knowledge, this is the first study to explore the use of IBA−Ag@CeO2 NPs for the delivery of auxin to improve rooting in tobacco. Figure 8 and Table 1 present the impacts of IBA and IBA−Ag@CeO2 NPs on mean root length, length of the longest roots, days to rooting, and root fresh/dry weight. To rigorously determine the optimal concentration of IBA-Ag@CeO2 NPs, we performed a one-way ANOVA followed by a post-hoc Tukey’s HSD test to compare the effects of different concentrations (1, 2, and 3 mg L−1) on root length, root fresh weight, root dry weight, and day to rooting. Among the root length attributes, the highest root length value of the IBA−Ag@CeO2 NPs treatment group with a concentration of 2 mgL-1 was 9.66 cm, and the lowest root length value of the control group was 5.60 cm. The longest root length belongs to the IBA−Ag@CeO2 NPs treatment with a concentration of 2 mgL-1 and a value of 10.03 cm. Moreover, under the same treatment and the same concentration, the root fresh weight and root dry weight characteristics were the highest, 0.78 g and 0.05 g, respectively, which were statistically significantly different from other treatments. In addition, we observed that the fastest rooting time among different treatments was the IBA−Ag@CeO2 NPs treatment with a concentration of 2 mgL-1 with, a rooting speed of 2 days, which was statistically significantly different from other treatments. The results of one-way ANOVA revealed significant differences among treatments for mean root length (F(3, 12) = 15.42, p = 0.001), fresh root weight (F(3, 12) = 10.27, p = 0.002), and days to rooting (F(3, 12) = 8.95, p = 0.004). Post hoc analysis using Tukey’s HSD test indicated that the 2 mgL-1 IBA−Ag@CeO2 NPs treatment resulted in significantly higher root length and fresh weight compared to the control group and other concentrations (p < 0.05). Additionally, the days to rooting were significantly reduced in the 2 mgL-1 treatment group compared to the control and other concentrations (p < 0.05). Our results suggest that Ag@CeO2 NPs function as an effective nanocarrier for delivering the IBA hormone, highlighting their potential applications in agricultural practices.




Figure 8 | Effects of free IBA, and IBA-Ag@CeO2 NPs on in vitro rooting of tobacco plant stem. (a) Control 0.0 mg L–1 IBA, (b) 1.0 mg L–1 IBA, (c) 2.0 mg L–1 IBA, (d) 3.0 mg L–1 IBA, (e) IBA-Ag@CeO2 NPs (1.0 mg L–1 IBA), (f) IBA-Ag@CeO2 NPs (2.0 mg L–1 IBA), (g) IBA-Ag@CeO2 NPs (3.0 mg L–1 IBA). Figure f clearly shows that the 2 mgL-1 IBA-Ag@CeO2 NP treatment significantly outperformed other concentrations in development root growth in tobacco plants.




Table 1 | The effect of hormone indole−3−butyric acid loaded on silver−ceria nanoparticles (IBA−Ag@CeO2 NPs) on the rooting of tobacco plants in−vitro.








4 Discussion



4.1 Nanoparticle characterization

From the perspective of nanobiotechnology, metal oxide nanoparticle Ag@CeO2 are suitable carrier for IBA hormone transfer. This causes the plant roots to grow rapidly. Its physical and chemical properties were confirmed through different analyses. In a study conducted by McMillan et al. (2011) the size and shape of nanoparticles affects the way they interact with cells, thereby determining their distribution pattern, toxicity, and ability to target cells. Studies show that smaller nanoparticles (around 100 nm) have significantly higher cellular uptake and absorptive capacity compared to larger particles, which enhances their ability to deliver active compounds into plant tissues (Desai et al., 1997). Therefore, Ag@CeO2 NPs are expected to have the ability to interact with plant cells. In addition, our results demonstrated that the reduction in negative charge observed in the zeta potential test may be attributed to the coating of this nanostructure with IBA molecules, which suggests the stability of our structure. The zeta potential can influence the interaction of nanoparticles with plant cells, including mechanisms of attachment and uptake. A lower negative charge can promote cellular uptake, potentially enhancing the delivery of IBA to plant tissues and facilitating improved root development. Negatively charged CeO2 NPs are more efficiently translocated within plants, while positively charged NPs tend to adhere to root surfaces. These nanoparticles can sustain hormone levels for an extended duration due to their colloidal stability. Additionally, they can function as nanofertilizers, amplifying the effects of plant hormones. The stability of nanoparticles and their biological applications are significantly influenced by their interactions with biological systems. Recent advancements in the use of biosurfactants for stabilizing metallic nanoparticles have shown promise due to their ability to prevent agglomeration (Femina Carolin and Kamalesh, 2024). Furthermore, the conjugation of biomolecules with nanoparticles has proven effective in maintaining stability while enhancing biocompatibility and functionality in biological environments (Lee et al., 2021).

In the study by Korpayev et al. (2021), the SEM images showed spherical and monodisperse IBA−loaded nAg nanoparticles with a size of approximately 100 nm. Which confirms our results. The hydrodynamic size of the nanoparticles is larger compared to the sizes obtained from the SEM images in the sample. The results of the two analyses are not directly comparable. Because the hydrodynamic diameter in a colloidal aqueous solution includes the solute layer (water molecules and ions). It is also possible to form small clusters in the solution state, which results in an increase in the size of the hydrodynamic diameter in DLS testing compared to the size of the nanoparticles in SEM testing.

In this study, we found that a high encapsulation efficiency of ~90% suggests that a significant portion of the IBA was effectively incorporated into the nanoparticles during the loading process. The HLE of 45% indicates that a substantial amount of the loaded IBA was retained within the nanoparticles, making it available for potential release and uptake by plant tissues. Also, the release rate of IBA from Ag@CeO₂ NPs was 18% in 68 hours, indicating different biological effects. IBA is metabolized to IAA, which is essential for various growth processes. A low release may result in insufficient IAA levels, limiting growth responses such as cell expansion and root development (Strader et al., 2010). The slow release could affect the absorption rates in plant tissues, potentially leading to suboptimal physiological responses (Ludwig-Müller, 2000). Conversely, while low IBA release may limit its immediate effects, it could also suggest a controlled release mechanism that prevents excessive auxin levels, which can lead to negative physiological effects in plants. This balance may be crucial for maintaining optimal growth conditions. Importantly, no callus formation was noted across all treatments, including those with IBA or IBA-loaded Ag@CeO₂ NPs, as well as in the control group. This absence of callus formation is advantageous, as it supports quality root development in tobacco plants. The lack of callus formation may be attributed to the optimal concentrations of IBA−loaded Ag@CeO₂ NPs utilized in the plant cells. We observed that EDAX analysis showed the presence of 12.82% carbon in the IBA−Ag@CeO2 NPs. Moreover, the study by Korpayev et al. (2021) showed that 12.48% carbon and 1.96% nitrogen were detected in IBA−nAg particles. These results confirm the presence of IBA hormone on the nanoparticles. Also, the production of Ag@CeO2 NPs was confirmed by XRD analysis and the presence of IBA on Ag@CeO2 NPs was confirmed by FT−IR analysis.

The results of a study conducted by Thangavelu et al. (2018) showed that the decomposition and denaturation rate of IBA hormone in silver nanoparticles starts at 100°C and is completely experienced at 300°C. Therefore, IBA loaded on Ag@CeO2 NPs synthesized in our study, which was stable up to 420°C, showed that this nanostructure has better thermal stability compared to silver nanoparticles. Thermal stability ensures that nanoparticles maintain their structure and function, allowing for a controlled and sustained release of plant hormones, which is critical for effective plant growth and development (Gohar et al., 2024). Moreover, environmental stressors such as temperature variations are common in agricultural settings. This resilience helps in maintaining the efficacy of hormone delivery systems. Stable nanoparticles facilitate better nutrient and hormone uptake, enhancing plant growth and productivity. This is particularly important in nutrient-deficient soils where efficient delivery systems can make a significant difference (Sharma et al., 2024).




4.2 The effectiveness of nanoparticles in plant growth

Our results demonstrated that among different concentrations of nanoparticles, IBA−Ag@CeO2 NPs at a concentration of 2 mgL-1 had more effective and promising results than other treatments in promoting root growth. These findings underscore the potential of Ag@CeO2 NPs as an efficient delivery system for the IBA hormone in plant tissue culture and micropropagation applications. The comprehensive physicochemical characterization confirms the suitability and stability of the nanoparticles as a carrier system, ensuring that a significant amount of the active IBA hormone can be effectively delivered to plant tissues. Also, our previous studies related to the effect of hollow mesoporous silica nanoparticles and alginate-chitosan nanocapsules with IBA hormone showed that these carriers cause the stability of this hormone, the controlled release of IBA from these nanocarriers and increase the growth of tobacco plant roots (Ghorbani et al., 2024a; Ghorbani et al., 2024b). Research in other crops supports these observations. To increase the rooting potential of guava cuttings (Psidium guajava L), a study was conducted by Abdallatif et al. (2022) to investigate the effect of 1−Naphthaleneatic acid (NAA) and IBA alone and together with silver nanoparticles on the rooting of guava cuttings. Treatments with silver nanoparticles improved rooting efficiency compared to auxin alone. NAA−loaded silver nanoparticles treatment developed a lower number of long roots, while IBA−loaded silver nanoparticles recorded higher values of all root parameters. Thangavelu et al. (2018) demonstrated the successful synthesis of Ag NPs using two rooting hormones (auxin indole−3−acetic acid (IAA) and IBA) as stabilizers. The effectiveness of its rooting and pathogen inhibiting properties was also fully verified through in vitro and ex vivo studies involving model plants and plant pathogens. The hormone-containing silver nanoparticles showed a dual effect. In addition to inhibiting the pathogen, they increased root growth threefold compared to the control group.

A recent investigation conducted by Korpayev et al. (2021) revealed that the application of chitosan and silver nanoparticles loaded with IAA or IBA, resulted in a substantial enhancement of in vitro adventitious root formation in Malling Merton 106 (MM 106) micro-cuttings, with increases ranging from 33.3% to 50.0% when compared to the use of free IAA or IBA. Research by Karakeçili et al. (2019) indicated that using IBA−loaded zinc oxide (ZnO) or IAA NPs increased in vitro rooting efficiency twofold for the difficult-to-root wild pear (Pyrus elaeagrifolia Pallas). In that study, the highest rooting percentage was achieved with IBA−loaded ZnO NPs and IAA−loaded ZnO NPs at a concentration of 400 mgL-1, resulting in rooting percentages of 50.0% and 41.7% respectively. Additionally, Reed et al. (2013) conducted a similar study on various Pyrus genotypes, focusing on auxins’ effects on rooting in challenging genotypes. They found that conventional auxin application resulted in a maximum rooting percentage of only 31.8%. Therefore, our results indicate that Ag@CeO2 NPs have a positive effect on the transfer of IBA hormone to improve the rooting index of tobacco plants.

Based on tissue culture results of tobacco plants treated with Ag@CeO2 NPs, we observed increased root growth compared to the control group. Moreover, the samples continued to grow well during the growth phase, which actually indicates that our nanoparticles are not cytotoxic. Furthermore, the concentration of nanoparticles used in this study was chosen based on the study conducted by Korpayev et al. (2021), who did not report toxicity of silver nanoparticles at these concentrations. However, long−term exposure to Ag−NPs alters microbial diversity, with root treatments leading to reduced bacterial and fungal biodiversity (Vitali et al., 2019). Studies show that Ag−CeO2 NPs can inhibit growth in various plant species, with effects varying by concentration of nanoparticle (Viswanathan et al., 2024). The antibacterial properties of silver may inadvertently disrupt human microbiota, potentially leading to immune system imbalances (Mahapatra et al., 2024). The accumulation of Ag−CeO2 NPs in the food chain can lead to human exposure, potentially impacting immune responses due to their toxic properties (Grün et al., 2018). In contrast, some studies suggest that nanoparticles can enhance certain agricultural practices by improving crop yields in the short term. However, the long-term ecological and health implications of their accumulation in the environment necessitate careful consideration and further research.





5 Conclusion

Ag@CeO₂ NPs have proven to be effective carriers for the delivery of IBA and for enhancing rooting in tobacco plants. Their physicochemical properties have been thoroughly validated through various analytical methods, including SEM, EDAX, FTIR, XRD, and TGA. Given a high loading capacity of 90% for IBA, these nanoparticles demonstrate their ability to effectively encapsulate and deliver the active compound. The application of IBA−Ag@CeO₂ NPs led to a notable increase in root length and fresh/dry weight compared to control groups and other treatments, highlighting the effectiveness of this nanocarrier system. The controlled release profile of IBA from the nanoparticles followed a zero−order kinetic model, which is beneficial for maintaining optimal hormone levels in plant tissues, thus preventing excessive auxin levels that could negatively impact plant physiology. The study identified an optimal concentration of 2 mg L−1 of IBA−loaded Ag@CeO₂ NPs, which yielded more effective results in promoting root growth compared to other treatments. Whereas this research provided valuable insights, its limitations and the need for further research should also be acknowledged. Future investigations are recommended to aim at optimizing nanoparticle formulations to enhance their effectiveness, assessing their applicability across diverse plant species, and examining various plant growth regulators (PGRs) and nanoparticle systems. A limitation of the present study is the absence of a nanoparticle-only control (Ag@CeO₂ without IBA) in our experimental design. This limitation is important to acknowledge as recent studies have demonstrated that metal oxide nanoparticles, particularly cerium oxide nanoparticles, can influence plant growth and development (Li et al., 2024). Future research should incorporate a nanoparticle-only control group to better distinguish between the effects of the nanocarrier itself and those of the hormone. This would provide a more comprehensive understanding of the mechanisms underlying the enhanced rooting observed in this study and further optimize nanocarrier−based hormone delivery systems for plant biotechnology applications. This research has significant practical implications, as it has the potential to improve plant productivity and growth in agriculture. The developed IBA-loaded Ag@CeO₂ nanoparticle system offers a promising approach for farmers, horticulturists and commercial nurseries to enhance root development in economically important plants. By providing controlled hormone release, with potentially reduced environmental impact compared to conventional methods, this technology could contribute to more efficient plant propagation protocols, improved transplant success rates, and ultimately enhanced crop productivity in various crop systems.
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