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Abstract

:

Troxerutin (TXR), a naturally derived compound with diverse therapeutic potential, faces limitations in clinical efficacy due to poor bioavailability and rapid plasma clearance. This study focuses on troxerutin-loaded solid lipid nanoparticles (TXR-SLNs) and their physicochemical properties, intending to enhance drug release. TXR-SLNs were prepared via high-shear homogenization followed by ultrasonication, yielding optimized nanoparticles with an average size of 140.5 ± 1.02 nm, a uniform distribution (polydispersity index: 0.218 ± 0.01), and a stable emulsion (zeta potential: 28 ± 8.71 mV). The formulation exhibited 83.62% entrapment efficiency, indicating improved drug-loading capacity and extended drug release. Spectroscopic and thermodynamic analyses confirmed component compatibility. Despite a decline in entrapment efficiency induced by temperature after one month of storage at 23 °C, the formulation may retain acceptable stability. This study provides insight into SLNs as effective carriers for enhancing troxerutin’s release profile, motivating further in vivo investigations to optimize therapeutic interventions.
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1. Introduction


Flavonoids represent a class of polyphenolic compounds found abundantly in an extensive array of plants, fruits, vegetables, and leaves [1]. In recent times, these naturally occurring phytochemicals have garnered significant attention within modern medicine, where they have been harnessed to engender innovative therapeutic agents. This choice stems from their diverse and expansive biological activities, coupled with their remarkable health benefits, all achieved with a markedly low proclivity for eliciting side effects and toxicity [2]. Their repertoire encompasses compelling attributes, including antioxidative, anti-inflammatory, antimutagenic, and anticarcinogenic properties [3]. Moreover, flavonoids are known to modulate key cellular enzyme functions, such as cyclo-oxygenase (COX), lipoxygenase, and xanthine oxidase (XO) [1].



Empirical evidence has progressively accumulated, underscoring the pharmacological prowess of flavonoids in the context of diabetes. Their impact on promoting glycemic control and ameliorating lipid levels has garnered attention. This dual effect translates into a protective shield against a spectrum of complications, spanning nephropathy, neuropathy, hepatic impairments, and cardiovascular maladies [4,5]. El-Shiekh et al. [6] notably documented an exploration of the antibacterial and antiviral potential embedded within a plant-derived flavonoid.



Furthermore, an assortment of investigations have converged to emphasize the profound antioxidant properties exhibited by flavonoids. This quality plays a pivotal role in mitigating oxidative stress, a factor intricately linked to the genesis of neurodegenerative diseases (NDDs) and neoplastic conditions [7,8,9].



Troxerutin (TXR), also known as vitamin P4, belongs to the trihydroxyethyl group and is derived from the natural bioflavonoid rutin [10,11,12,13]. TXR stands as a promising natural compound renowned for its multifaceted pharmacological effects across diverse conditions [14]. Notably, numerous investigations have substantiated TXR’s capacity to confer protection to vital organs such as the kidneys, liver, and brain, primarily through its robust ability to scavenge reactive oxidative species (ROS). This property is underpinned by its dual role as an antioxidant and anti-inflammatory agent [14,15,16,17,18].



Furthermore, TXR emerges as a key player in the management of vascular disorders, displaying a beneficial impact on blood fibrinolysis and erythrocyte aggregation [19,20]. These attributes position it as a compelling therapeutic option for addressing chronic venous insufficiency (CVI), a condition characterized by abnormal increases in erythrocyte aggregation and diminished pro-fibrinolytic activity [20].



In general, the application of TXR is constrained by its limited reabsorption following biliary excretion and suboptimal cell membrane penetration, consequently leading to swift plasma clearance and diminished bioavailability [13,21]. Additionally, the chemical configuration of TXR (Figure 1) contributes to its reduced bioavailability due to the presence of polyphenolic groups, which are susceptible to substantial in vivo degradation [1,22]. Nevertheless, the employment of nanoparticles presents a promising avenue for augmenting TXR’s bioavailability, thereby enhancing its potential for achieving an improved therapeutic effect.



In recent years, the realm of nanotechnology has experienced rapid expansion, emerging as a potent tool with extensive applications in medication delivery, diagnostics, cosmetics, and both biological and non-biological sciences [23]. However, the conventional delivery methods for therapeutic agents, including plant-derived flavonoids, are impeded by issues such as non-selectivity, low efficiency, and suboptimal bioavailability [24]. To surmount these limitations, the utilization of nanocarriers such as polymeric nanoparticles (NPs), liposomal NPs, and solid lipid NPs offers a promising avenue for optimizing drug delivery [24]. By enhancing the concentration of therapeutics at specific targets, these nanocarriers hold the potential to elevate efficacy, enhance biological system tolerability, and enable the utilization of lower dosages [24]. Furthermore, they offer the capacity to bolster the bioavailability of water-insoluble compounds [24]. The efficacy of nanocarriers hinges on a multitude of factors, encompassing their physicochemical attributes, drug loading efficiency, drug release kinetics, and minimal toxicity [23].



Solid lipid nanoparticles (SLNs) represent a promising drug delivery system composed of active drug molecules, solid lipids, surfactants, and/or co-surfactants [10]. These nanoparticles can be safely formulated for diverse routes of administration, including oral, injectable, and topical applications [25]. The scope of SLN applications is extensive, offering the potential to enhance the treatment of various diseases through judicious physicochemical modifications [26]. Their versatility extends to loading both lipophilic and hydrophilic drugs, thereby improving the drug characteristics, extending action duration, and prolonging drug release profiles [27]. Consequently, this enables a reduction in administration frequency while concurrently enhancing therapeutic efficacy [27]. Beyond their ability to enhance drug oral bioavailability and sustain drug release, the heightened precision of drug targeting is a paramount advantage of SLNs when compared to conventional delivery methods [28].



Targeted drug delivery serves as a ubiquitous platform for all solid lipid nanoparticles, facilitating precise drug delivery to specific tissues or cells across various pathological contexts [29]. Through the integration of drugs into nanocarriers, solid lipid nanoparticles offer a novel paradigm for targeted drug delivery strategies [29]. As such, solid lipid nanoparticles emerge as a propitious avenue for the development of controlled and targeted drug delivery systems [29].



Recent studies have reported the potential pharmacological benefits of troxerutin-loaded nanoparticles by using various polymers like chitosan and selenium [30,31]. In the present study, we aimed to establish the application of TXR loading within nanoparticles by adopting simple methods. This study aimed to meticulously characterize the physicochemical properties and assess the drug release kinetics of troxerutin-loaded solid lipid nanoparticles (TXR-SLNs) through investigations. The loading process was facilitated using a combination of high-shear homogenization followed by ultrasonication. The physicochemical attributes, encompassing shape, size, polydispersity index, and zeta potential, were scrutinized using a zeta sizer instrument (Malvern, UK). Moreover, a comprehensive assessment was conducted through techniques including differential scanning calorimetry (DSC), transmission electron microscopy (TEM), and Fourier transform infrared (FTIR) spectroscopy to ascertain any alterations in crystal structure and potential chemical interactions between constituents. Concurrently, the study evaluated parameters such as drug entrapment efficiency (EE) and drug release profiles to comprehensively gauge the performance of the TXR-SLN formulation.




2. Methodology


2.1. Chemicals and Materials


Troxerutin (purity: 98%), soy lecithin, Tween-80, and a dialysis bag were procured from Solarbio, Beijing, China. Glyceryl behenate was acquired from Kejian Chem, Beijing, China. Absolute ethanol was obtained from Fisher Scientific UK Limited, Leicestershire, UK. Sodium phosphate dibasic was sourced from Sigma Aldrich, Saint Louis, MO, USA, while sodium phosphate monobasic anhydrous was obtained from ICN Biomedicals, Inc., Santa Ana, CA, USA.




2.2. Preparation of the TXR-SLNs


The methodology employed for the preparation of the TXR-SLNs was adapted from Tan et al. [32] with slight modifications. The synthesis of the TXR-SLNs involved a two-step process comprising high-shear homogenization followed by ultrasonication. Initially, Tween-80 was dissolved in 25 mL of distilled water and heated to 73 degrees Celsius (°C) using a water bath, resulting in the formation of an aqueous phase. Meanwhile, the lipid phase was created by dissolving TXR, soy lecithin, and glyceryl behenate in 5 mL of ethanol, which was then heated to 73 °C.



Subsequently, the aqueous phase was carefully introduced into the lipid phase. The resulting mixture underwent homogenization at 7000 rpm for 10 min utilizing a high-speed Ultra Turrax D-500 homogenizer (IKA T25, Germany) to establish an emulsion. This emulsion was further subjected to ultrasonication for 15 min using an ultrasonic cell crusher (Ningbo Biological Technology Co., Ltd., Ningbo, China), leading to the formation of a TXR-SLN emulsion. The emulsion was then stored at 4 °C.



For the formulation of TXR-SLNs, three distinct compositions involving varying quantities of Tween-80, soy lecithin, and glyceryl behenate were prepared as delineated in Table 1.




2.3. Characterization


2.3.1. Estimation of Particle Size, Polydispersity, and Zeta Potential


A dynamic light scattering technique using a zeta sizer (Malvern, UK) was employed to assess the average particle size, polydispersity index (PDI), and zeta potential [32] in the context of this research study. For DLS particle sizing, the sample needs to be water clear to very slightly hazy. If the solution is white or too hazy, it should be diluted further before attempting a DLS size measurement. Thus, before the measurement of particle size, PDI analysis, and zeta potential, the samples were appropriately diluted with distilled water at a ratio of 1:10. If the sample is too concentrated, the measured size of the particles will be inaccurate due to multiple scattering or viscosity effects. The subsequent examination was conducted at a fixed angle of 90° for particle size and 25 °C for zeta potential.



The determination of the average particle size, PDI, and zeta potential was carried out in triplicate to ensure accuracy and consistency.




2.3.2. Imaging by Transmission Electron Microscopy (TEM)


The surface morphology analysis of all formulations was conducted using transmission electron microscopy (TEM). To prepare the samples, a 15 min ultrasonication process was performed using bath sonication at room temperature. Subsequently, a single drop of the prepared formulations was carefully pipetted onto a Formvar/Carbon 400 mesh copper grid (Ted Pella, CA). The samples were left to air dry for 24 h at room temperature.



Visual observation and imaging were accomplished using a TEM instrument (Hitachi HD-2300A, Chicago, IL, USA), operating at an acceleration voltage of 200 kV.




2.3.3. Determination of the Entrapment Efficiency (EE)


The determination of entrapment efficiency involved quantifying the concentration of an unentrapped substance within the aqueous solution after centrifugation. The prepared TXR-SLNs were subjected to centrifugation in a high-speed cooling centrifuge (Eppendorf, Hamburg, Germany) operating at 5000 rpm for 10 min, maintained at a temperature of 4 °C. Following centrifugation, the resultant sediment and supernatant liquid were carefully separated.



To assess the quantity of unentrapped drug present in the supernatant, a UV-spectrophotometer (PerkinElmer, Waltham, MA, USA) was employed, utilizing a wavelength of 360 nm. This measurement facilitated the estimation of the percentage of entrapment efficiency.



The calculation of the percentage entrapment efficiency (%EE) was executed using the subsequent formula:


%EE = Total drug content − free drug/Total drug content × 100












2.3.4. Differential Scanning Calorimetry (DSC) Analysis


Differential scanning calorimetry (DSC) analysis was conducted to assess the physical state of the TXR-SLNs (Seiko Instruments Inc, Chiba, Japan). The procedure involved placing samples of TXR, blank SLNs, and TXR-SLNs into individual aluminum pans. An empty pan was utilized as a reference or control. The analysis was performed with a continuous flow of nitrogen gas. The temperature was incrementally increased from 20 to 300 °C, following a controlled rate of 10 °C per minute [32].




2.3.5. Fourier Transform Infrared (FTIR) Analysis


The Fourier transform infrared (FTIR-8400S, Shimadzu, Nakagyo-ku, Kyoto, Japan) technique was employed to elucidate interactions among the drug, surfactant, and lipid components. A total of five samples were meticulously prepared, comprising three solids and two liquids. The solid samples encompassed TXR, soy lecithin, and glyceryl behenate, while the liquid samples included TXR-SLNs and SLNs without TXR. The FTIR spectra were acquired using the conventional KBr disc/pellet methodology.



For the solid samples, a procedure involving grinding with anhydrous KBr powder and subsequent compression into pellets was carried out. In contrast, the liquid samples were directly applied onto the KBr window. The FTIR spectrum became accessible after a comprehensive scan and underwent subsequent analysis through software (LabSolutions IR, Shimadzu, Nakagyo-ku, Kyoto, Japan).



The FTIR spectra were meticulously recorded with a resolution of 4 cm−1, spanning a range of 4000–400 cm−1, and involved 50 scans.




2.3.6. Quantification of the Drug Release from the TXR-SLNs


To investigate the drug release of the TXR-SLNs, the dialysis bag method was employed, as described in [32]. A dialysis bag (catalog no. YA1070, flat width: 10 mm, molecular weight cut-off: 8000–14,000 Da, length: 5 m, Solarbio) was employed to facilitate controlled drug release. The dialysis bag was loaded with the three different TXR-SLN formulations, enabling the gradual release of the free drug into the surrounding media. The bag was immersed in distilled water for approximately 12 h to facilitate initial hydration.



Subsequently, 1 mL of each TXR-SLN formulation was separately introduced into three dialysis bags, securely fastened with clamps. Each bag was then placed within a conical flask containing 100 mL of phosphate-buffered saline (PBS; pH 7.4). These three conical flasks were positioned within a thermostatic shaker, maintaining a consistent environment for 48 h. At predetermined intervals, 1 mL of the buffer solution was sampled, with an equivalent volume of fresh PBS replenished into the conical flasks. The drug release profiles were assessed using a UV-Vis spectrophotometer at a wavelength of 360 nm, with distilled water serving as the blank sample. A similar procedure was executed for the control group, which consisted of TXR alone, to facilitate comparative analysis of the drug release.



The cumulative release of the TXR-SLNs was calculated using the following equation:


Qn = Cn × V0 + (C1 + C2 + C3 + ⋯ + Cn − 1) × V








where:



V0 represents the volume of the release medium;



Qn denotes the cumulative release at the n-th sampling point;



C signifies the solution concentration;



Cn indicates the concentration at the n-th sampling point;



V stands for the volume of each sample.



The drug concentration in the formulations was determined using a calibration curve of TXR. A stock solution of TXR was prepared by dissolving it in 100 mL of double-distilled water at a concentration of 1 mg/mL. Subsequent working standards were prepared through dilution with a phosphate buffer of pH 7.4, resulting in concentrations of 0.5, 1, 5, 10, and 15 mg/mL. UV-Vis spectrophotometry was employed at a wavelength of 360 nm to quantify the drug concentration using the calibration curve. The entire procedure was conducted in triplicate, and the average absorbance was calculated. The calibration equation and R2 value were subsequently determined and reported.



Drug release kinetics



The dissolution data were fitted to various equations, including zero-order (cumulative quantity of drug released vs. time), first-order (log cumulative proportion of drug remaining vs. time), Higuchi (cumulative proportion of drug released vs. square root of time), Hixson–Crowell (the cubic root of percent drug release vs. time), and Korsmeyer–Peppas (log cumulative proportion of drug released vs. log time), to elucidate the rate and mechanism of TXR release from the formulated samples. The in-house developed PSP-DISSO V2 software (Developmed by BVDU’s Poona College of Pharmacy, Pune, India) was employed to analyze the release kinetic parameters for the formulations in a phosphate buffer (pH 7.4). The correlation coefficients were calculated to assess data fit. The diffusion exponent (n) for different nanoparticles was determined, where n ≤ 0.45 indicates Fickian (Case I) release, >0.45 but <0.89 suggests non-Fickian (anomalous) release, and >0.89 signifies super Case II release. In this context, Case II pertains to polymeric chain erosion, while anomalous transport (non-Fickian) refers to a combination of diffusion and erosion-controlled drug release [33].




2.3.7. Stability Studies


After measuring the initial particle size analysis of the three TXR-SLN formulations using the zeta sizer, the formulation samples were divided into two sets. One set was stored at 4 °C (in a refrigerator), and the second set was stored at room temperature (23 °C). All samples were kept in foil-sealed glass vials. Subsequently, the samples were retrieved at intervals of 5, 10, 20, and 30 days to assess particle size, polydispersity index, zeta potential, and entrapment efficiency.






3. Results


3.1. Drug Entrapment Efficiency (EE)


EE is a pivotal parameter for evaluating the drug-loading capacity of nanoparticles. The absorbance of each formulation was measured at 360 nm using a UV-Vis spectrophotometer and subsequently calculated through a calibration curve. As illustrated in Table 2, TXR-SLN 2 exhibited the highest EE, reaching 83.62%, in comparison to TXR-SLN 1 and TXR-SLN 3, with EEs of 76% and 77%, respectively.



The entrapment was evaluated using a calibration curve depicted in Figure 2. The absorbance of each formulation was measured at 360 nm in phosphate-buffered saline (pH 6.8) using a UV-Vis spectrophotometer. A concentration–absorbance plot was generated, enabling the determination of the correlation coefficient and regression equation for TXR. Notably, the drug exhibited linearity across a concentration span of 0.5–15 mg/mL, with an R2 value of 0.9992 for this concentration range.




3.2. Measurement of Particle Size, Polydispersity Index (PDI), and Zeta Potential


The sizes of the three particles, PDI, and zeta potential were determined for the prepared samples. Among these, TXR-SLN 2 exhibited the smallest particle size, measuring at 140.5 ± 1.02 nm, and a PDI of 0.218 ± 0.01 (Table 3). The nanoparticle size and distribution of TXR-SLN 2 were notably favorable, as demonstrated in Figure 3. PDI values spanning from 0 to 0.5 indicate the presence of monodispersed and uniform materials. Furthermore, the zeta potential serves as an indicator of nanoparticle formulation stability by assessing surface charge and aggregation propensity. A zeta potential of ±20 mV signifies a stabilized formulation. Remarkably, TXR-SLN 2 exhibited a zeta potential of 28.6 ± 8.71 mV, effectively contributing to the stability of the system (Table 3).




3.3. Transmission Electron Microscopy (TEM) Analysis


The shape and surface morphology of the optimal formulation were examined using TEM. The TEM micrograph depicts particles exhibiting a spherical shape, along with a smooth surface texture (Figure 4).




3.4. Fourier Transform Infrared Spectroscopy (FTIR)


A drug-excipient compatibility study was conducted using FTIR spectra, involving TXR and a TXR-excipient physical mixture. The outcomes are illustrated in Figure 5. The distinct peaks of troxerutin and those of its physical mixture reveal that the functional groups and characteristics of troxerutin remained unaltered. This observation indicates the absence of any interference from troxerutin solid lipid nanoparticles within the drug-excipient mixtures.




3.5. Differential Scanning Calorimetry (DSC)


The formulation of SLNs necessitated the validation of the expected physical state of the matrix lipid, which is of paramount importance. This validation can be achieved through DSC. When comparing the DSC thermograms of the bulk lipids with those of the corresponding SLNs, notable differences in the signals’ positions and shapes were often observed. Specifically, the DSC curve for TXR alone exhibited a sharp exothermic peak at 177.07 °C (with a ΔH of −39.33 mJ), corresponding to its known melting point of 181 °C. For the lipid component, the peak was observed at 110 °C. In the case of the SLN formulation, two distinct peaks emerged at 135 and 177.07 °C (Figure 6). The shifting of the lipid peak in the solid lipid nanoparticle formulation may be due to the lipid polymorphism.




3.6. Drug Release Study


The release profile of the TXR-SLNs, in comparison to TXR alone, is illustrated in Figure 7. All formulations demonstrated sustained drug release over 24 h in a phosphate-buffered saline medium. Within the same release medium, the cumulative drug release for all three formulations was more pronounced during the initial 4 h period. Notably, the TXR-SLN 2 formulation displayed the highest cumulative drug release at 24 h, reaching 82.47%. Conversely, TXR-SLN 1 exhibited a 56.33% drug release, and TXR-SLN 3 displayed a 66.51% release within the same timeframe. As for TXR alone, its maximum cumulative drug release occurred at 2 h. Comparatively, the TXR-SLNs exhibited elevated cumulative drug release over extended intervals in contrast to TXR alone. For a comprehensive overview, the dissolution data are presented in Table 4.




3.7. TXR Release Kinetic Study


The kinetics and mechanism of drug release were evaluated for the prepared SLNs. The release profiles of the formulations were scrutinized by fitting them to various equations, including zero-order, first-order, Higuchi, and Korsmeyer–Peppas. Among these, the optimal formulation underwent in-depth analysis to determine the underlying drug release mechanism. In these experiments, the release profile of TXR-SLN 2 exhibited substantial linearity, evident from a regression value of 0.916. This finding indicates that the drug release adhered to Higuchi’s equation, thereby confirming diffusion as the primary driver of drug release. To validate the diffusion mechanism, the dissolution data were also subjected to fitting the Korsmeyer–Peppas equation, resulting in a slope (n) value of 0.95. A comprehensive presentation of these results is provided in Table 5 and Figure 8 below.




3.8. Stability Studies


The results of the particle size, PDI, and zeta potential measurements for the three formulations after one month of refrigerated storage (4 °C) indicate minimal differences when compared to the measurements taken on the first day immediately after preparation. However, the particle size, PDI, and zeta potential for TXR-SLN 2 remained superior to those of TXR-SLN 1 and TXR-SLN 3, as illustrated in Table 6.



The results of the particle size, PDI, and zeta potential measurements for the three formulations after one month of room-temperature storage (23 °C) indicate minimal differences when compared to the measurements taken on the first day immediately after preparation. However, the particle size, PDI, and zeta potential for TXR-SLN 2 remained superior to those of TXR-SLN 1 and TXR-SLN 3, as illustrated in Table 7.



The results of the EE identification for the three TXR-SLN formulations after one month of refrigerated storage (4 °C) indicate a slight decrease in entrapment efficiency compared to the same formulations immediately after preparation on the first day, as illustrated in Table 8.



The results of the EE identification for the three TXR-SLN formulations after one month of room-temperature storage (23 °C) indicate a significant decrease in entrapment efficiency compared to the same formulations immediately after preparation on the first day. However, the EE of TXR-SLN 2 was still within the normal range for stability determination, as illustrated in Table 9.





4. Discussion


The impact of lipids on SLNs entails a highly intricate interplay. Notably, the presence of lipid molecules with longer chains and the heightened viscosity within the oil phase can culminate in the generation of larger particle sizes. It is essential to acknowledge that the imperfections stemming from the complex nature of lipid materials and their imperfect crystal structures can also contribute to EE [25,34].



In the context of our current study, we opted to employ glyceryl behenate as the solid lipid polymer. Characterized as a fusion of glycerol esters and behenic acid, glyceryl behenate predominantly comprises glyceryl behenate. This intricate lipid entity further encompasses an array of mono-, di-, and triglycerides, each marked by distinct chain lengths. This amalgamation of diverse components imparts an irregularity on the crystal lattice, thereby fostering an environment conducive to the assimilation of bioactive compounds. Consequently, this intricate structural composition not only enhances compatibility, but also elevates the efficacy of the formed SLNs [25,34,35].



Surfactants play a pivotal role in shaping the ideal configuration of SLNs, wielding a range of beneficial effects by inducing surface property modifications. These modifications encompass a reduction in surface tension, facilitating particle dispersion, mitigating particle aggregation, and enhancing the stability of the SLN emulsion [36,37]. It is noteworthy that the influence of surfactants is not confined solely to surface properties; their impact extends to the degree of lattice order, contributing significantly to nanoparticle stability [25,36,37].



In the context of our investigation, we purposefully incorporated soy lecithin and Tween-80 as both surfactants and co-surfactants. This deliberate selection was underpinned by their demonstrated capability to yield a multitude of favorable results. Notably, this encompasses the achievement of reduced particle dimensions, elevated EE, and enhanced overall stability [25,36]. This judicious choice of surfactants not only seeks to fine-tune the system for optimal performance, but also harmonizes seamlessly with our overarching goal of engineering SLNs endowed with exceptional attributes.



The methodology employed in this study to design SLNs encompassed a two-step process: High-shear homogenization succeeded by ultrasonication. This combined approach stands out as a straightforward, dependable, and feasible technique renowned for SLN preparation [25]. The initial phase of homogenization yielded a stable and lucid dispersion of SLNs, characterized by an appropriate particle size. However, it is noteworthy that this process, due to its elevated speed, could inadvertently introduce a profusion of bubbles and atomization.



To circumvent such limitations, the subsequent step involved harnessing ultrasonication. This strategic inclusion was designed to mitigate the issues stemming from high-shear homogenization. The ultrasonication force proved instrumental in homogenizing the dispersion of the formulation, thereby rectifying the anomalies induced by the prior high-shear homogenization process [38]. This orchestrated combination of techniques not only yielded clear benefits in terms of stability and particle uniformity, but also highlighted the intricacies involved in optimizing SLN fabrication.



Physicochemical characteristics, such as particle size, PDI, and zeta potential, hold paramount importance as attributes of lipid nanocarriers. These characteristics exert substantial influence over multiple facets, including drug stability, entrapment efficiency, drug release kinetics, biodistribution, and cellular uptake. Notably, in the realm of nanoscale systems, size stability assumes heightened significance when juxtaposed with their microscale counterparts. This distinction arises from the vast specific surface area inherent to nanoscale systems, a factor that distinguishes them from their microscale counterparts [39].



As the radius of the sphere and particle size decrease, there is a consequential elevation in the surface area-to-volume ratio [40]. This fundamental geometric principle invariably underscores the fact that diminutive particle dimensions yield a proportionally larger surface area concerning the volume. It is within this interplay that the foundation for a host of nanoscale system properties is established [40].



In this study, the optimal formulation was TXR-SLN 2. The selection of TXR-SLN 2 was based on its particle size, PDI, and zeta potential values. The particle size measured 140.5 ± 1.02 nm, with a PDI of 0.218 ± 0.01 and a zeta potential of 28.6 ± 8.71. A PDI value of 0.3 or below in lipid-based nanocarriers is considered acceptable, indicating a homogeneous population [36]. The zeta potential range of 28.6 ± 8.71, which is close to 30, suggests good stability [38]. Maintaining a constant and narrow size distribution is crucial for achieving optimal clinical outcomes with nanocarrier formulations [39]. The size and polydispersity index in the present study was comparatively less than the recently published work with chitosan-loaded troxerutin nanoparticles, in which the size and polydispersity index was 692 d·nm and 0.355, respectively [30]. Both particle size and PDI were expected to increase with the addition of lipid components to the formulations [41,42]. TXR-SLN 2 contained fewer lipid polymers compared to the other formulations, resulting in a monodispersed distribution and smaller size.



The EE of the three formulations was evaluated by measuring absorbance using a UV-Vis spectrophotometer and then plotted on a calibration curve (Figure 2). The results further support the identification of TXR-SLN 2 as the best formulation, exhibiting the highest EE value of 83.62%. The entrapment efficiency percentage was increased as the sonication time increased from 5 to 15 min [43]. A higher entrapment efficiency (83.62%) was achieved when TXR-SLN 2 was processed by ultrasonication for 15 min, compared to the other two formulations. The optimal formulation displayed an increased EE attributed to the lower soy lecithin and surfactant concentrations, as well as fewer lipid polymers, all of which contributed to a smaller particle size.



FTIR is a technique used to elucidate the chemical composition of various organic chemicals, polymers, and other materials [44]. The measurements were conducted to identify the potential biomolecules responsible for capping and effectively stabilizing the TXR-SLNs [44]. The FTIR analysis in this study revealed characteristic peaks present in both TXR alone and the TXR-SLNs. The results demonstrated that there were no missing functional peaks in the formulated TXR-SLNs. Furthermore, the formulation exhibited no significant physicochemical interactions between the drug and lipid.



The DSC technique measures the disparity in heat flux delivered to a test sample and a reference sample at the same temperature [45]. This makes it possible to quantify the differences in heat flows resulting from sample melting, crystallization, chemical reactions, or evaporation [45]. The DSC curve of TXR alone displayed a sharp exothermic peak at 177.07 °C (ΔH = −39.33 mJ), corresponding to its melting point of 181 °C. For the lipid, the peak was observed at 110 °C, while for the SLN formulation, two peaks were identified at 135 and 177.07 °C. Both TXR alone and the SLNs exhibited the same exothermic peak at 177.07 °C. DSC offers insights into the characteristics and temperature parameters of individual samples [45], thus enhancing the quality and physicochemical properties of the product during various technological processes involving TXR-SLNs [45].



The release profile of the TXR-SLNs was tested. Seven samples were taken from all three formulations, and their cumulative drug release was measured. All formulations successfully released the drug in a sustained manner over 24 h in a phosphate-buffered saline solution. Among the formulations, TXR-SLN 2 exhibited the highest cumulative drug release at 24 h, reaching 82.47%. In contrast, TXR alone displayed the maximum cumulative drug release within 2 h. The TXR-SLNs demonstrated higher cumulative drug release over extended periods compared to TXR alone.



The main lipid components used were glyceryl behenate, soy lecithin, and Tween-80 as surfactants. Tween-80 contributed to both the stability and improved bioavailability of the SLNs by acting as a permeability enhancer [46]. Furthermore, it can increase intestinal permeability while reducing the activity of intestinal efflux transporters, including P-glycoprotein efflux pump activity [46]. The primary factor influencing oral absorption and bioavailability is intestinal efflux by P-glycoprotein and other transporters [46].



The release kinetic study demonstrated the drug release behavior of the SLNs. The formulations were evaluated by fitting the drug release profiles to various equations, including the zero-order, first-order, Higuchi, and Korsmeyer–Peppas models [47]. The optimal formulation, TXR-SLN 2, exhibited a better fit to Higuchi’s model, which characterizes drug release from polymeric systems and aids in understanding the release mechanism and comparing differences among formulations [48,49]. A release exponent (n) greater than 0.89 indicates super Case II transport, involving drug release through both diffusion and relaxation of the SLNs. For the optimized formulation, TXR showed a predominant mechanism of super Case II transport.



Additionally, an R2 value of 0.916 came closest to 1. Both the SLN formulations and the drug release were time-dependent. Consequently, TXR-SLN 2 achieved the highest in vitro release concentration around 24 h. These findings are consistent with the drug release results.



TEM is employed in cell biology, involving the imaging of stained thin sections of plastic-embedded cells by passing an electron beam through the sample. This process causes the electrons to be absorbed and scattered, creating contrast and generating an image [50]. The results indicated that the TXR-SLNs were spherical with a smooth surface, indicative of the material’s natural tendency to minimize its energy state [51].



The one-month stability study for the three formulations, measured by particle size, PDI, zeta potential, and EE, indicated minimal differences under both conditions (4 and 23 °C). However, a significant reduction in entrapment efficiency was observed after one month at 23 °C, suggesting a negative impact of temperature on the stability of the formulations over time. Notably, the stability study of TXR-SLN 2 remained within the acceptable stability range, distinguishing it from both TXR-SLN 1 and TXR-SLN 1.



This study has some potential limitations. First, there is a need for further optimization or factorial design. A factorial design could have assisted in examining how multiple factors affect a dependent variable, both individually and collectively. Evaluation of the toxicity of nanomaterials is essential to identify the effect of the nanomaterials used in the formulation during in vivo animal or human studies [52]. Additionally, this study employed a limited number of formulations, preventing us from anticipating potential variations in results across different formulations. Moreover, the use of a single surfactant and lipid polymer raises questions about the effectiveness of employing alternative surfactants or lipid polymers.




5. Conclusions


TXR-SLNs were prepared through high-shear homogenization followed by ultrasonication, and the formulation was optimized using CCD-RSM. The results of the drug release study indicated that the cumulative amount of drug released from the TXR-SLNs was significantly higher compared to that from TXR alone, reaching 82.47% within 24 h. This suggests that TXR-SLNs can enhance the drug release profile of TXR. Moreover, the kinetic investigation of drug release from TXR-SLN 2 revealed a combination of diffusion and relaxation mechanisms.



However, future plans involve in vivo drug release and efficacy studies for determining the performance of an optimal TXR-SLN formulation, along with toxicity evaluation of nanomaterials of the formulation.
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Figure 1. TXR’s chemical structure. 
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Figure 2. Calibration curve of TXR using a UV-Vis spectrophotometer (pH 6.8). 
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Figure 3. Particle size distribution of the TXR-SLN 2 formulation. 






Figure 3. Particle size distribution of the TXR-SLN 2 formulation.



[image: Processes 11 03039 g003]







[image: Processes 11 03039 g004] 





Figure 4. TEM micrograph of the TXR-SLN 2 formulation. 
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Figure 5. FTIR spectra of drug and excipient compatibility. 






Figure 5. FTIR spectra of drug and excipient compatibility.



[image: Processes 11 03039 g005]







[image: Processes 11 03039 g006a][image: Processes 11 03039 g006b] 





Figure 6. DSC spectra of the troxerutin (A), lipid (B), and SLN formulations (C). 
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Figure 7. Percentage of cumulative drug release of the TXR-loaded SLNs. 
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Figure 8. Release kinetic study of TXR-SLN 2. 
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Table 1. The ingredient quantities of each prepared TXR-SLN formulation.






Table 1. The ingredient quantities of each prepared TXR-SLN formulation.





	
Formulation

	
Active Ingredient

	
Surfactant

	
Lipid Polymer




	
TXR

	
Tween-80

	
Glyceryl Behenate

	
Soy Lecithin






	
TXR-SLN 1

	
10 mg

	
500 μL

	
100 mg

	
50 mg




	
TXR-SLN 2

	
10 mg

	
250 μL

	
50 mg

	
50 mg




	
TXR-SLN 3

	
10 mg

	
500 μL

	
50 mg

	
100 mg











 





Table 2. Entrapment efficiency (EE) of the TXR-SLN formulations.
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	S. No
	Formulation Code
	Entrapment

Efficiency (%)





	1
	TXR-SLN 1
	76.02



	2
	TXR-SLN 2
	83.62



	3
	TXR-SLN 3
	77.06










 





Table 3. Particle size, polydispersity index, and zeta potential of the formulations.
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	S. No
	Formulation
	Particle

Size (nm)
	Polydispersity Index (PDI)
	Zeta Potential (mV)





	1
	TXR-SLN 1
	349.9 ± 7.67
	0.387 ± 0.06
	14.9 ± 4.87



	2
	TXR-SLN 2
	140.5 ± 1.02
	0.218 ± 0.01
	28.6 ± 8.71



	3
	TXR-SLN 3
	152.5 ± 2.35
	0.350 ± 0.02
	12.6 ± 4.52










 





Table 4. Percentage of cumulative drug release of the TXR-SLN dissolution data.
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Time

	
% Cumulative Drug Released ± SD (n = 3)




	
TXR-SLN 1

	
TXR-SLN 2

	
TXR-SLN 3

	
F-TXR






	
0 min

	
0

	
0

	
0

	
0




	
30 min

	
9.36 ± 0.14

	
9.36 ± 0.83

	
9.36 ± 0.97

	
9.05 ± 0.64




	
1 h

	
16.46 ± 0.48

	
16.46 ± 0.93

	
18.45 ± 0.88

	
20.38 ± 0.37




	
2 h

	
21.65 ± 0.92

	
37.43 ± 0.47

	
25.05 ± 0.17

	
62.86 ± 0.29




	
4 h

	
29.17 ± 0.77

	
51.38 ± 0.84

	
35.19 ± 0.44

	
98.36 ± 0.47




	
8 h

	
36.47 ± 0.46

	
65.71 ± 0.64

	
46.02 ± 0.65

	
--




	
12 h

	
45.72 ± 0.13

	
75.45 ± 0.54

	
57.95 ± 0.66

	
--




	
24 h

	
56.33 ± 0.67

	
82.47 ± 0.16

	
66.51 ± 0.89

	
--











 





Table 5. Kinetic release study of TXR-SLN 2.
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Zero-Order

	
First-Order

	
Higuchi

	
Korsmeyer–Peppas






	
R2

	
R2

	
R2

	
R2

	
N




	
0.6993

	
0.8714

	
0.916

	
0.567

	
0.95











 





Table 6. Results of the particle size, polydispersity index (PDI), and zeta potential measurements for the three formulations after one month of refrigerated storage (4 °C).






Table 6. Results of the particle size, polydispersity index (PDI), and zeta potential measurements for the three formulations after one month of refrigerated storage (4 °C).





	S. No
	Formulation
	Particle

Size (nm)
	Polydispersity Index (PDI)
	Zeta Potential (mV)





	1
	TXR-SLN 1
	360.9 ± 6.10
	0.391 ±0.05
	16 ±3.48



	2
	TXR-SLN 2
	151 ± 2.03
	0.221 ± 0.03
	28.4 ± 5.32



	3
	TXR-SLN 3
	155.5 ± 2.05
	0.356 ± 0.03
	14.5 ± 4.31










 





Table 7. Results of the particle size, polydispersity index (PDI), and zeta potential measurements for the three formulations after one month of room-temperature storage (23 °C).






Table 7. Results of the particle size, polydispersity index (PDI), and zeta potential measurements for the three formulations after one month of room-temperature storage (23 °C).





	S. No
	Formulation
	Particle

Size (nm)
	Polydispersity Index (PDI)
	Zeta Potential (mV)





	1
	TXR-SLN 1
	382 ± 5.23
	0.392 ±0.02
	14 ±2.13



	2
	TXR-SLN 2
	154 ± 3.01
	0.221 ± 0.02
	28.2 ± 3.21



	3
	TXR-SLN 3
	162.5 ± 2.03
	0.371 ± 0.04
	13.1 ± 3.11










 





Table 8. Entrapment efficiency (EE) of the TXR-SLN formulations after one month of refrigerated storage (4 °C).






Table 8. Entrapment efficiency (EE) of the TXR-SLN formulations after one month of refrigerated storage (4 °C).





	S. No
	Formulation Code
	Entrapment

Efficiency (%)





	1
	TXR-SLN 1
	71.23619



	2
	TXR-SLN 2
	77.54231



	3
	TXR-SLN 3
	73.23486










 





Table 9. Entrapment efficiency (EE) of the TXR-SLN formulations after one month of room-temperature storage (23 °C).






Table 9. Entrapment efficiency (EE) of the TXR-SLN formulations after one month of room-temperature storage (23 °C).





	S. No
	Formulation Code
	Entrapment

Efficiency (%)





	1
	TXR-SLN 1
	54.36215



	2
	TXR-SLN 2
	71.32457



	3
	TXR-SLN 3
	45.23615
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