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Abstract

:

Carvedilol, an anti-hypertensive medication commonly prescribed by healthcare providers, falls under the BCS class II category due to its low-solubility and high-permeability characteristics, resulting in limited dissolution and low absorption when taken orally. Herein, carvedilol was entrapped into bovine serum albumin (BSA)-based nanoparticles using the desolvation method to obtain a controlled release profile. Carvedilol-BSA nanoparticles were prepared and optimized using 32 factorial design. The nanoparticles were characterized for their particle size (Y1), entrapment efficiency (Y2), and time to release 50% of carvedilol (Y3). The optimized formulation was assessed for its in vitro and in vivo performance by solid-state, microscopical, and pharmacokinetic evaluations. The factorial design showed that an increment of BSA concentration demonstrated a significant positive effect on Y1 and Y2 responses with a negative effect on Y3 response. Meanwhile, the carvedilol percentage in BSA nanoparticles represented its obvious positive impact on both Y1 and Y3 responses, along with a negative impact on Y2 response. The optimized nanoformulation entailed BSA at a concentration of 0.5%, whereas the carvedilol percentage was 6%. The DSC thermograms indicated the amorphization of carvedilol inside the nanoparticles, which confirmed its entrapment into the BSA structure. The plasma concentrations of carvedilol released were observable from optimized nanoparticles up to 72 h subsequent to their injection into rats, revealing their longer in vivo circulation time compared to pure carvedilol suspension. This study offers new insight into the significance of BSA-based nanoparticles in sustaining the release of carvedilol and presents a potential value-added in the remediation of hypertension.
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1. Introduction


As indicated by the World Health Organization (WHO), hypertension or elevated blood pressure is considered one of the primary causes of premature death worldwide, with a proportion of one hypertensive patient in four normal men and another one in five average women over a billion people [1]. Untreated hypertensive cases may predispose to persistent angina, heart attacks, and heart failure, which may cause unexpected death [2]. In addition to the lifestyle adjustment, medications approved by the US Food and Drug Administration (US-FDA) are often prescribed to control or reduce blood pressure, including angiotensin-converting enzyme inhibitors, calcium channel blockers, angiotensin II receptor blockers, diuretics, peripherally acting alpha-adrenergic blockers, beta-blockers, etc. [3].



A particular focus was devoted to the anti-hypertensive carvedilol, which has a non-cardioselective beta-blocker with a selective alpha-adrenergic blocking activity. Carvedilol acts by relaxing the blood vessels and slowing the heart rate, thereby reducing blood pressure and improving blood flow [4]. The oral administration of drugs is regarded as the most widely used and preferred route for patients because of its benefits, such as simplicity, convenience, painless administration, and self-application [5]. However, lipophilic drugs of low aqueous solubility can encounter poor pharmacokinetic profiles and low bioavailability while passing through the gastrointestinal tract (GIT). This observation aligns with the Biopharmaceutical Classification System (BCS), which categorizes carvedilol as a low-solubility and highly permeable drug. The highly lipophilic carvedilol faces a low oral bioavailability (25%) owing to its poor water solubility, in addition to its extensive first-pass metabolism [6]. Moreover, the pH variation along the GIT may restrain the pharmacological action of carvedilol owing to its pH-dependent solubility [2]. Therefore, many advanced oral drug delivery systems were investigated to enhance the aqueous solubility of carvedilol and reduce its adverse effects, for example, liposomes [7], self-microemulsions [8], cyclodextrin complexes [9], nanosuspensions [10], polymeric micelles [11], solid dispersions [12], etc.



A standard treatment plan for hypertension requires patients to take medications for several months or years to treat this ailment successfully. These patients may suffer from adverse effects following oral drug administration, such as poor drug solubility, pH variations, low intestinal resorption, and low bioavailability, in addition to those following the frequent drug dosage for a long time [13]. Hence, a potential drug delivery approach can tackle these problems by using a nano-drug delivery system to provide a sustained release of carvedilol when administered by a route other than the oral one. For instance, injectable sustained-release approaches have shown considerable clinical success in therapies for different diseases accompanied by reduced poor compliance or non-adherence to oral treatments [14]. Because blood pressure follows a circadian manner, sustained drug release techniques can be crucial in controlling blood pressure fluctuations. In addition, the entrapment of the drugs into the nanoparticulate systems can overcome the aforementioned concerns and help maintain the required drug concentration for sustained periods.



Several nanoparticle systems have been reported to be effective in treating the drawbacks of immediate-release anti-hypertensive drugs. In particular, polymeric nanoparticles can be made from polysaccharides [15], proteins [16], or synthetic polymers [17]. Proteins can produce good raw materials with good absorbability and low toxicity of their degradation end products [18]. The applicability of these protein-based nanoparticles is increasing due to their characteristics, including high storage stability, non-toxicity, non-antigenicity, and easy manufacture [16].



Albumin, the most abundant protein in the blood, is commonly used as a favorable component in the formulation of pharmaceutical preparations. Several attractive features of albumin make it an effective delivery vehicle for specific types of drugs with enhanced therapeutic effects [19]. It is characterized by its thermal stability, extensive stability over wide pH ranges, and ability to solubilize albumin-bound lipophilic drugs, thus enhancing their pharmacokinetic properties. There are two main sorts of albumin, human serum albumin (HSA) and bovine serum albumin (BSA). Both types participate in similar features with no observed variations corresponding to their high solubility in water, the long half-life, and similar molecular weight and amino acid residues [20]. The BSA has received wide acceptance owing to its multifaceted and unique features as a natural carrier and its biodegradability. The biocompatibility and non-immunogenicity of BSA can increase its stealthy property to escape from the reticuloendothelial system. Elzoghby et al. [18] reported that the injectable albumin-based nanoparticles could display no antigenicity or immunogenic responses, hence supporting their well-tolerance in vivo with no harmful adverse effects. Moreover, this type of albumin has several binding sites for hydrophilic and hydrophobic drugs and possesses the capability to decrease toxicity and increase the efficacy of drugs in addition to its ease of purification and low cost [21]. For this perspective, injectable BSA-based nanoparticles have been selected in our study to encapsulate and effectively deliver carvedilol and achieve an improved anti-hypertensive efficacy.



The BSA-based nanoparticles can be prepared by various techniques, such as desolvation, emulsification, thermal gelation, nano spray drying, self-assembly, and nanoparticulate albumin-bound technology [18,22]. The desolvation technique is a widespread procedure for developing BSA-based nanoparticles by which a desolvating agent is utilized to prepare well-defined nanoparticles with the denatured albumin and achieve the formation of spherical matrices. In addition, glutaraldehyde is commonly utilized as a crosslinker to ameliorate the stability of the prepared BSA-based nanoparticles [13]. This technique has gained a distinct superiority due to its desirable merits, including robustness, reproducibility, simplicity, encapsulation of hydrophilic and lipophilic drugs, and production of nanoparticles of smaller sizes and more controlled release than that of microparticles and liposomes, therefore improving the patient acceptance and compliance.



Studying the relationship between factors and results by the traditional one-factor-at-a-time (OFAT) strategy is time-consuming and tedious [23]. To obtain an optimal product, the quality by design (QbD) strategy is widely followed to focus on improving process efficiency and product development. This can be completed by identifying the impact of the process parameters and the formulation components on the critical quality attributes, therefore saving the time and the cost of the study [24]. Among several statistical techniques, the three-level factorial design was selected in our study to understand the relationship between the independent variables and the dependent responses, followed by the optimization process for preparing a reproducible product of desirable criteria.



Our study aimed to optimize a favorable parenteral BSA-based nanoparticle formulation loaded with carvedilol for achieving a prolonged release of carvedilol. The factorial design was embraced to investigate the impact of the main components on the critical quality attributes of BSA nanoparticles, such as particle size, entrapment efficiency, and in vitro drug release over days. The optimized formulation was injected intramuscularly into rats to estimate the pharmacokinetic evaluation of the drug in vivo. The long circulation effect of carvedilol-loaded BSA nanoparticles in vivo could ameliorate the bioavailability of carvedilol and provide better patient compliance due to the achieved lower frequency of drug dosing.




2. Materials and Methods


2.1. Materials


Carvedilol was kindly supplied from Global Napi Pharmaceuticals, 6th of October, Egypt. BSA was purchased from Sigma-Aldrich, St. Louis, MO, USA. Acetone was purchased from Scharlau, Barcelona, Spain. Triethyl amine and glutaraldehyde (25%) were purchased from Loba Chemie, Mumbai, India. Disodium hydrogen orthophosphate and potassium dihydrogen orthophosphate were purchased from El-Nasr Pharmaceutical Chemicals, Cairo, Egypt. Acetonitrile and methanol (HPLC grade) were purchased from Fisher Scientific, Loughborough, UK. The other chemicals were of analytical grade.




2.2. Methods


2.2.1. Experimental Design and Optimization Process


In order to examine the relationship between the independent factors and the dependent responses and analyze the statistical data, the Design-Expert® software (version 11, Stat-Ease Inc., Minneapolis, MN, USA) was utilized. A 2-factor, 3-level (32) factorial design was set, and the target was to study the main and the interaction effects on the studied responses. The independent factors were BSA concentration (A) and carvedilol percentage in BSA nanoparticles (B). The dependent responses were particle size (Y1), entrapment efficiency (Y2), and time in days required to release 50% of carvedilol (T50) (Y3). Table 1 shows the three levels of the independent factors, and the goals required for the dependent responses are represented. In addition, Table 2 displays the nine experimental runs suggested by the design software under study. The polynomial equation shown below was generally followed to describe our models:


Y = b0 + b1A + b2B + b3AB + b4A2 + b5B2








where Y was the measured response, (b0) was the intercept of the polynomial equation, (b1–b5) were the regression coefficients of the dependent responses, (A and B) were the main terms, (AB) was the interaction term, and (A2 and B2) were the quadratic terms. This polynomial equation could be used to estimate the potential of the coefficients where the positive sign indicated the synergistic effect, while the negative sign indicated the antagonistic effect [25].



To conclude the significance of each term, the analysis of variance (ANOVA) and p-values with a 95% confidence interval (p < 0.05) were followed. Comparisons of different statistical parameters for evaluating the fitness of the data were made, including the multiple determination coefficient (R2), adjusted R2, predicted R2, and adequate precision. Normal plots of residuals, graphs of residual versus experimental runs, and graphs of predicted versus actual values were plotted to demonstrate the model’s adequacy. In addition, one-factor and three-dimensional (3D) response surface graphs were plotted to check the relationship and the interaction between the studied factors and the measured responses.



The optimization technique was utilized after the statistical analysis in order to optimize the formulation factors after preparing the carvedilol-loaded nanoparticles. Regarding the goal required for each dependent response (Table 1), the computed optimized BSA-based formulation with a desirability value ranging from zero to one. The high desirability value towards one could indicate the response compatibility to its desirable value [24]. Subsequently, the optimized formulation’s responses were studied once again, and the experimental values of the responses were compared with those predicted by the factorial design. Then, the prediction error percentage was calculated as follows [23]:


   Prediction   error   percentage    =    predicted   value    −    experimental   value       predicted   value       ×    100  












2.2.2. Preparation of Carvedilol-Loaded BSA-Based Nanoparticles


The BSA-based nanoparticles loaded with carvedilol were prepared by a desolvation technique with procedures similar to those reported by Von Storp et al. [26] and Chen et al. [27] with some modifications. The BSA powder of different concentrations (0.5, 1, and 1.5%) was dissolved in 5 mL of double distilled water being previously adjusted to pH 8–9 using triethyl amine. The BSA solution was aggregated into nanoparticles through the dropwise addition of 20 mL of acetone containing different amounts of carvedilol under magnetic stirring (AREC F20500010, VELP Scientifica, Brianza, Italy). After the desolvation process, glutaraldehyde was added as a crosslinking agent at a ratio of 1 µL per 2 mg of BSA with continuous stirring for 2 h. Acetone was then evaporated using a rotary evaporator (Basis Hei-VAP, Heidolph Instruments GmbH, Schwabach, Germany) at −10 Pa, 35 °C, and 100 rpm. The BSA-based nanoparticles loaded with carvedilol were left dispersed into the original volume of water, and the dispersions were then subjected to ultrasonication for 2 min using a probe sonicator (GE 50, Scientific Engineering Inc., Woodbridge, VA, USA). The prepared formulations were lyophilized and stored at 4 °C for further evaluation.




2.2.3. In Vitro Evaluation of Carvedilol-Loaded BSA-Based Nanoparticles


Particle size, polydispersity index (PDI), and zeta potential measurement. The particle size, PDI, and zeta potential of carvedilol-loaded albumin nanoparticles were measured using the dynamic light scattering (DLS) technique. A computerized Zetasizer (Nano–ZS90, Malvern Instruments Ltd., Malvern, UK) was applied to measure the nano-size particles. The samples of each formulation were suitably diluted with double distilled water at 25 °C prior to measurement. Moreover, the PDI values that reflected the size uniformity of the samples were monitored. The zeta potential values of each nanoparticle formulation were obtained by injecting the samples into a clear disposable zeta cell.



Entrapment efficiency measurement. The entrapment efficiency of carvedilol-loaded albumin nanoparticles was measured by separating the free carvedilol using the dialysis technique. The cellophane membranes were cut and hydrated in the receptor medium (phosphate buffer pH 7.4) for 2 h to ensure the complete wetting of the membranes. The formulations were redispersed in phosphate buffer pH 7.4, transferred into the dialysis bags (molecular weight cut-off 12,000–14,000 Da), and then put in glass bottles containing 100 mL of phosphate buffer pH 7.4 as a receptor medium. The bottles were shaken in a water bath shaker (SW-20C, Julabo Labortechnik GmbH, Seelbach, Germany) maintained at 25 °C and 100 rpm. At different time intervals, the receptor media were filtered using a 0.22 μm nylon syringe filter and the drug content was analyzed by spectrophotometer (Genesys 10S UV-VIS, Thermo Spectronic, Waltham, MA, USA) at λmax 245 nm to determine the amounts of free drug. A fresh receptor medium was used after each measurement of drug content until no carvedilol was detected in the solution [28]. The entrapment efficiencies were calculated by the following equation as the ratio of the amount of the entrapped carvedilol to the total amount of the drug initially used.


   Entrapment   efficiency   percentage  =    Total   initial   drug   amount  −  Free   drug   amount       Total   initial   drug   amount    × 100  











In vitro cumulative drug release. The in vitro cumulative release of carvedilol from the prepared BSA-based nanoparticles was implemented using the cellophane membrane dialysis tubing method (molecular weight cut-off 12,000–14,000 Da). First, the cellophane membranes were cut and hydrated in the receptor medium (phosphate buffer pH 7.4) for 2 h. Second, the tested formulations were redispersed in phosphate buffer pH 7.4 and placed inside the dialysis bags sealed from the two ends. Third, the dialysis bags were transferred into closed bottles containing 100 mL of the aforementioned receptor medium. The bottles were carried to a thermostatically controlled water bath shaker maintained at 37 ± 1 °C and 100 rpm. Samples (3 mL) were withdrawn at different time intervals (0, 1, 2, 4 and 6 h) on the first day, and, subsequently, the process was repeated every day for a week. After sampling, an equal volume of fresh buffer was added to the receptor media to maintain the volume constant inside the bottles. The withdrawn sample was filtered using a 0.22 μm nylon syringe filter, and the drug content was assessed spectrophotometrically at λmax 245 nm. The measurements were carried out three times and expressed as mean values ± standard deviation (SD).



Kinetic release study. The cumulative release data of carvedilol-loaded nanoparticles were examined for best fitting to different kinetic models. The zero-order, first-order, Higuchi, Hixson–Crowell, and Korsmeyer–Peppas models were studied using the following equations expressing each model, respectively (Qt = Ko.t, Qt = 1 − e−kt, Qt = KH.t1/2, Qo1/3 − Qt1/3 = KHC.t, and Qt/Q∞ = KKP.tn); where, Qt was the drug amount released at the time (t); Qo was the initial drug amount released; Q∞ was the drug amount released at time infinity (∞); Ko, K, kH, KHC, and KKP were the release rate constants of the previous models, respectively; and n was the release exponent. The model showing the highest R2 was considered the best model describing the release mechanism of carvedilol from the BSA-based nanoparticles. In addition, the n values of the Korsmeyer–Peppas model were used to confirm the release mechanism of the drug from the studied formulations [23]. The T50 values for the tested formulations were obtained according to the selected kinetic model.




2.2.4. In Vitro Evaluation of Optimized Carvedilol-Loaded BSA-Based Nanoparticle Formulation


Transmission electron microscopy (TEM). The morphology of the optimized carvedilol-loaded BSA-based nanoparticle formulation was analyzed by using a transmission electron microscope. Gao et al. [29] described that a small drop of the optimized formulation was added to a carbon-coated grid after being diluted and dispersed in distilled water. It was kept for 2 min, and the excess liquid was dried using filter paper. A drop of 1% aqueous solution of phosphotungstic acid was added to the sample and then allowed to dry at room temperature. The sample was examined by TEM (JEM-2100, JEOL, Tokyo, Japan) at an accelerating voltage of 100 kV.



Differential scanning calorimetry (DSC). The thermal behaviors of pure carvedilol powder, BSA, carvedilol-free blank nanoparticle formulation, and optimized carvedilol-loaded BSA-based nanoparticle formulation were studied using a DSC instrument (DSC-60, Shimadzu, Japan). Samples were heated in sealed aluminum pans within the temperature range of 0–200 °C at a constant heating rate of 10 °C/min and under a nitrogen atmosphere with a 30 mL/min flow rate.




2.2.5. In Vivo Evaluation of Optimized Carvedilol-Loaded BSA-Based Nanoparticle Formulation


Animals and ethical approval. Adult albino male rats of weights of 300~350 gm each were used. Before starting the experiments, the animals were kept in a 12 h light–12 h dark cycle at the ambient temperature for one week and received free water and food. The study was performed according to the Institutional Animal Care and Use Committee (IACUC) guidelines of the Faculty of Pharmacy, Zagazig University (Approval number: ZU-IACUC/3/F/184/2022; approval date: 29 August 2022).



High-performance liquid chromatography (HPLC) conditions. The HPLC analysis of plasma samples was performed for the separation of carvedilol. The mobile phase was a combination of 0.02 M monobasic potassium phosphate, acetonitrile, and methanol (32:28:40% v/v), and the pH was adjusted to 3.5 using orthophosphoric acid. The flow rate was set at 1 mL/min while the samples were injected into column C18 (4.6 × 250 mm, 5 μm), and the photodiode array detector was set at a wavelength was 245 nm.



Pharmacokinetic studies in rat plasma samples. The optimized BSA-based nanoparticle formulation was prepared. The rats were divided into two groups (n = 5) as follows:



Group I: Rats received a single intramuscular injection of pure carvedilol, a 20 mg/kg dose suspended in a phosphate buffer pH 7.4.



Group II: Rats received a single intramuscular injection of the optimized formulation equivalent to 20 mg/kg of carvedilol.



The blood samples were taken from the lateral tail veins of the rats into heparinized tubes at different time intervals (0.5, 1, 2, 4, 8, and 12 h) on the first day and then taken every day throughout the study period. The samples were centrifuged at 3000 rpm for 10 min to obtain plasma in which the drug concentrations were measured. Regarding the extraction of the drug from the rats’ plasma, each sample (0.5 mL) was added to 1.5 mL dichloromethane (DCM), vortexed, and centrifuged at 3000 rpm for 10 min. Then, 1 mL of DCM was withdrawn by a syringe and was left to evaporate at ambient temperature. The residuals were reconstituted with 0.5 mL methanol and then filtered by a syringe filter (0.22 µm) before injection into the Thermo Fisher Scientific® HPLC system and Chromquest 5.0 software (Thermo Electron Corp., Bellefonte, PA, USA).



The pharmacokinetic parameters were calculated using the non-compartmental method by the Microsoft Excel add-in PKsolver program. The statistical approach of Student’s t-test was adopted and implemented via the GraphPad Prism® program to analyze the measured pharmacokinetic parameters.






3. Results and Discussion


3.1. Preparation of Carvedilol-Loaded BSA-Based Nanoparticles


The GIT is recognized as the first physiological barrier to the absorption and delivery of most oral drugs. The oral bioavailability of the drugs is highly dependent on the solubility and stability of the drug in the GIT [30]. The action of carvedilol can be impeded mainly due to its high lipophilicity, poor solubility, and low oral bioavailability. Therefore, we developed injectable carvedilol-loaded BSA-based nanoparticles acting as biocompatible carriers to enhance the pharmaceutical action of carvedilol. The desolvation technique was followed using BSA owing to its outstanding benefits, including biocompatibility, biodegradability, non-immunogenicity, and safety. Throughout the desolvation process, the nanoparticles were generated by adding acetone to the BSA aqueous solution at high pH until a turbid solution was formed. According to the International Council on Harmonization Pharmaceuticals for Human Use (ICH) Q3C (R6) guideline, organic solvents are classified from class 1 to class 3 solvents. Acetone is a class 3 solvent and is approved by the ICH as a less toxic solvent with low risk to human health [31]. The BSA particles were not entirely stabilized and might reverse into the water phase. Thus, glutaraldehyde as a crosslinker was utilized to promote the stability of the formulated BSA-based nanoparticles by the incidence of the condensation reaction. The amine groups available in the side chains of BSA could interact with the aldehyde groups of glutaraldehyde [21]. Glutaraldehyde was observed to effectively form nanosized particles at this concentration since it crosslinks the 60 lysines amino acid of BSA at a saturation level of 138%. This was calculated following Langer et al. [32]. Moreover, these nanoparticles were prepared at high pH values because the particles might agglomerate, and no nanoparticles might be formed at low pH values during the desolvation time. Kufleitner et al. [33] reported that preparing the albumin nanoparticles at pH values above the isoelectric point of albumin (=4.9 of BSA) could increase the negative charges of the BSA molecules, making them less vulnerable to agglomeration, thus maintaining their stability. In addition, Aniesrani Delfiya et al. [34] pointed out that higher pH values could help reduce the size of the nanoparticles owing to the higher ionization of albumin existing above its isoelectric point, producing more repulsive nanoparticles.




3.2. Experimental Design and Statistical Analysis


Nine formulations were provided based on a 32-factorial design, and their responses were characterized by varying the two independent factors within three levels. The measured responses for the prepared formulations were evaluated, and the impacts of main and interaction factors on the tested responses were studied.



3.2.1. Effect of Independent Factors (A and B) on the Particle Size of Carvedilol-Loaded Nanoparticles (Y1 Response)


Concerning the statistical analysis of the particle size values (Table 3), the model was represented as a significant model due to its high F-value (164.01) and significant p-value (0.0007). In addition, the terms (A and B) have appeared as significant terms owing to their p-values (0.0004 and 0.0002, respectively). Meanwhile, other terms (AB, A2, and B2) did not establish significance. The R2 value could measure the variation amount around the mean described by the model. This model was found to be high (0.9964), which could indicate the model’s ability to detect about 99% of the variations [13]. The adequate precision could compare the range of the predicted values to the average prediction error. Its high value (above four) could reflect an adequate signal/noise ratio and express satisfactory model discrimination. The proper precision value was 39.87 in this model, indicating that the model could navigate the design space.



The polynomial equation developed by Y1 model was:


Y1 = 174.81 + 25.16 A + 33.48 B + 3.29 AB − 1.19 A2 + 6.04 B2











As reported by Hosny et al. [25], the coefficients of the factors could signalize the positive or negative influence of the factors on the measured responses. The polynomial equation of the Y1 model showed the positive effects of increasing the BSA concentration and the drug concentration on the particle size of the prepared nanoparticle formulations.



Furthermore, the normal plot of residuals was extracted from the design software, and the normal distribution of residuals (difference between actual and predicted values) on a straight line was evident to a substantial extent (Figure S1a Supplementary Material). Additionally, the externally studentized residuals versus runs were plotted where the points were present between the control limit lines (Figure S1b Supplementary Material). In addition, the actual values of the particle size and those predicted by the factorial design were plotted where there was a good correlation between these values, as shown in Figure S1c, Supplementary Material.



By checking the model graphs, the particle size of the nanoparticles could be increased by increasing the BSA concentration (Figure 1a). By comparison of formulations possessing the same carvedilol percentage in BSA nanoparticles and different BSA concentrations, as shown in Table 2, it was found that the Y1 response could be minimized through the following order, F7 > F8 > F9, F4 > F3 > F2, and F6 > F5 > F1. The low particle size values were observed in the carvedilol-loaded nanoparticles of lower concentrations of BSA than those of higher concentrations of BSA. Perhaps, this could be explained by the fact that increasing the BSA concentration could increase the viscosity of the prepared BSA solution, and the transfer of protein between the water and the desolvation agent could decrease. Therefore, this could lead to slower nucleation rates and the formation of aggregated larger particles [35]. In addition, İnan and Özçimen [36] reported that high concentrations of BSA might cause coagulation of the BSA molecules, which could undergo electrostatic and hydrophobic interactions.



The particle size parameter of a drug delivery system could represent a fundamental key in drug transportation through systemic circulation. Nanoparticle systems with small particle sizes and hydrophilic surfaces could easily circulate in the blood over extended periods and sustain the duration of the pharmacological effect [13]. Rejinold et al. [37] found that an optimal nanoparticle size of 250 nm or lower, combined with highly positive or negative charges on the nanoparticle surface, can prevent rapid clearance by the reticuloendothelial system. Hence, it was noteworthy to observe that the particle size values of the studied nanoparticles ranged from 123.33 nm (F1) to 243.96 nm (F7), indicating the reproducibility of the BSA nanoparticles to affect the biodistribution of carvedilol positively [38].



Moreover, the PDI values could help measure the distribution homogeneity of the nanoparticle systems. As shown in Table S1, Supplementary Materia, lower PDI values of the nine carvedilol-loaded BSA-based nanoparticles were observed. This could elucidate the outstanding stability of the tested formulations and their feasibility of being injected with more uniform absorption in vivo [37]. Katona et al. [39] pointed out that nanoparticle systems of PDI values higher than 0.5 could not be recommended since they might result in an irregularity in the pharmacokinetic performance and variations in the therapeutic outputs.



On another side, the electrostatic interaction of the nanoparticles could be determined by studying the charge intensity on the particles’ surface. Zeta potential measurement is a useful tool for predicting the colloidal stability of nanoparticles during storage, as it can indicate the attractive and repulsive forces between the particles. The higher the zeta potential value, the lesser the aggregation of the nanoparticles and the higher the stability of the nanosystem [40]. According to the findings of Şenol et al. [41], a minimum value of 20 mV (either positive or negative) is recommended for nanoparticle systems to guarantee their electrostatic and steric stabilization. As per data reported in Table S1 (Supplementary Material), zeta potential values of the studied BSA nanoparticles ranged from −28.90 mV (F7) to −35.65 mV (F1). These findings could prove the convenient repulsion between the particles preventing their agglomeration, thus prolonging the circulation time and the nanoparticle’s stability. Moreover, the negative charges found on the surface of the system were related to the BSA end groups having negative charges above the isoelectric point of the BSA (=4.9). These negative charges could help preserve the stability of the BSA nanoparticles in vivo [37].



On the other hand, it could be observed the influence of changing the carvedilol percentage in BSA nanoparticles (factor B) on the particle size of the tested formulations. The increment of carvedilol percentage showed a significant increase in the size of the nanoparticles (Figure 1b). By comparison of formulations possessing the same BSA concentration and different drug concentrations as displayed in Table 2, it was found that the particle size decreased by the following sequence; F7 > F4 > F6, F8 > F3 > F5, and F9 > F2 > F1. The low particle size values were observed in the case of lower carvedilol percentage in BSA nanoparticles than in those systems with higher drug percentages. Gao et al. [29] reported that increasing the drug amount could increase the viscosity of the drug solution, making it difficult to disperse the components into the aqueous solution, leading to the formation of larger-sized nanoparticles.



The 3D response surface graphs were plotted to analyze the interaction between the studied factors and the measured responses by illustrating how changing the levels of two factors could significantly impact the response. Parallel lines could clarify the lack of interaction between the two factors. The interaction effects are represented in Figure S2 Supplementary Material.




3.2.2. Effect of Independent Factors (A and B) on Entrapment Efficiency of Carvedilol-Loaded Nanoparticles (Y2 Response)


Concerning the ANOVA statistical analysis, the data presented in Table 3 mentioned that the high F-value (29.31) and low p-value (0.0095) of the Y2 model could indicate its significance. The A, B, and AB terms having p-values lower than 0.05 were considered significant. In contrast, the other terms of the model appeared as non-significant. In addition, the R2 was found to have a high value (0.9799). The precision value was higher than four (15.9429), reflecting the presence of an adequate signal/noise ratio and the capability of the model to navigate the design space. The polynomial equation developed by Y2 model was:


Y2 = 94.72 + 5.14 A − 4.25 B + 2.53 AB − 1.93 A2 − 1.60 B2











In this equation, increasing the BSA concentration could manifest its positive influence on the entrapment of carvedilol inside the tested nanoparticles, while the increment of carvedilol percentage showed an opposite trend. To confirm the fitness of the model and the minimal chance of error, the normal distribution of the residuals plot, the plot of externally studentized residuals versus runs, and actual versus predicted values are shown in Figure S3, Supplementary Material.



The entrapment efficiency is recognized as a fundamental factor to indicate to what extent the prepared nanoparticles possess space for incorporating more amounts of drug and keeping them away from leakage. In turn, this can critically influence the drug release properties and its therapeutic effectiveness. This parameter can be defined as the ratio of the experimental drug content percentage to that of the theoretical outcome, and it particularly relies on the nature and the concentration of the utilized carrier [40]. As presented in Figure 2a, the entrapment efficiency of the BSA-based nanoparticles was significantly increased by the increment of the BSA concentration. By comparison of the formulations possessing the same carvedilol percentage and diverse BSA concentrations, as presented in Table 2, it was found that the reduction in the Y2 response could be demonstrated following this order, F6 > F5 > F1, F4 > F3 > F2, and F7 > F8 > F9. High amounts of carvedilol were observed to be encapsulated inside the BSA-based nanoparticles containing higher concentrations of BSA than those of lower BSA concentrations. This could be attributed to the increment of contact between the BSA molecules by increasing BSA concentration. Therefore, more BSA molecules could be available for encapsulating more carvedilol amounts in the binding sites of the BSA-based nanoparticles [42]. Moreover, the potential of increasing the BSA concentration in yielding a larger volume of the prepared nanoparticles could participate in holding more amounts of carvedilol; thus, greater entrapment efficiency could exist. These explanations were in alignment with the findings stated by Aniesrani Delfiya et al. [34].



Meanwhile, the impact of raising the carvedilol percentage in the BSA nanoparticles on the entrapment efficiency of the systems was investigated. The results showed that there was a significant decrease in the encapsulation efficiency of the nanoparticles with an increase in the percentage of carvedilol (Figure 2b). Further analysis of the data in Table 2 revealed that formulations with the same BSA concentration and different drug concentrations showed a decreasing trend in entrapment efficiency values as follows, F6 > F4 > F7, F5 > F3 > F8, and F1 > F2 > F9. The nanoparticles containing higher concentrations of carvedilol showed lower entrapment efficiencies than those with lower drug concentrations. This phenomenon could be attributed to the lack of available BSA molecules to create additional nanoparticles when higher amounts of carvedilol were added, resulting in an interaction between the excessive drug molecules and the existing BSA nanoparticles [43]. This interaction would lead to the formation of larger particles with lower entrapment efficiencies. This explanation could be consistent with the findings of Yang et al. [44], who reported that insufficient BSA molecules were unable to encapsulate the total amount of the drug when higher drug concentrations were used. Similar results were reported by Jose et al. [45].



On the other hand, the interaction effect (AB factor) could help clarify the influence of the interaction of two factors by altering their levels on the entrapment efficiency of the nanoparticles. As displayed by Figure S4 (Supplementary Materials), the term AB showed a significant effect on the entrapment efficiency parameter.




3.2.3. Effect of Independent Factors (A and B) on T50 of Carvedilol-Loaded Nanoparticles (Y3 Response)


The sustained release is fundamental for producing an excellent drug delivery system. BSA is considered one of the superior gatekeepers for preventing the fast release of drugs [45]. The in vitro cumulative release of carvedilol from the studied BSA-based nanoparticles (F1-F9) was assessed, as displayed in Figure 3. The profile of carvedilol release was observed as a biphasic release profile of two phases; the initial burst release of the drug in the first 6 h and the sustained drug release over days. Different initial burst release profiles were found among the studied formulations owing to the difference in the concentrations of the components utilized to prepare the nanoparticles. The burst release could be ascribed to the desorption and the diffusion of carvedilol from the outer surface of the BSA-based nanoparticles [13], where, the higher the amount of unentrapped carvedilol on the particle’s surface with no complete incorporation into the BSA, the faster the dissolution and the initial burst release of the drug [38]. Aside from this, continuous and sustained drug release could also be due to the slow carvedilol diffusion across the BSA matrix of the nanoparticle formulations by the solubilization of such carriers, including the degradation and erosion of the BSA. Gao et al. [29] reported that the incomplete paclitaxel release from the HSA-based nanoparticles might be related to the high affinity between the drug and the HSA in addition to the high entrapment of paclitaxel inside the nanoparticle formulations. In addition, the action of glutaraldehyde to crosslink with the BSA could reveal a slow release of the drug into the receptor medium making it an idealistic carrier for the sustained delivery of carvedilol [46].



Furthermore, the mechanism of carvedilol release from these formulations was determined by subjecting the in vitro release data to various mathematical kinetic models. The model that presented high R2 could be selected to best describe the drug release mechanism. As shown in Table 4, the carvedilol-loaded nanoparticle formulations showed higher R2 values corresponding to the Korsemeyer–Peppas model than other models. According to the n values for each formulation, the Korsemeyer–Peppas model could be employed to distinguish the following competing mechanisms; Fickian (diffusion-controlled) release mechanism when n ≤ 0.43, non-Fickian (anomalous) release mechanism when n = 0.43–0.85, and case II transport (relaxation-controlled) release mechanism when n ≥ 0.85 [47]. The data of Table 4 showed that F5 and F6 formulations demonstrated a non-Fickian/anomalous release mechanism indicating the incidence of both diffusion-controlled and swelling-controlled drug release from those nanoparticle formulations. However, the other formulations displayed n values less than 0.43, which could emphasize that the drug release fitted the Fickian diffusion mechanism (case I transport) [38].



The T50 values of the tested BSA nanoparticle formulations were also observed and then subjected to factorial analysis to study the effects of changing the studied factors on the T50 values of the formulations (Table 4). As per the data in Table 3, the high F-value (66.20) and the low p-value (0.0029) of the Y3 model could be observed, indicating its significance. The A, B, and B2 terms were significant (p < 0.05), while the AB and A2 terms were insignificant. The design software showed a high R2 value of 0.9910. Moreover, the adequate precision showed a high value (24.2133) greater than four, which resulted in a convenient signal/noise ratio and confirmed the model’s feasibility in expressing the design space. The polynomial equation developed by Y3 model was:


Y3 = 5.33 + 1.73 A − 2.57 B − 0.4850 AB − 0.0867 A2 − 1.44 B2











The equation shows that increasing the BSA concentration has positively impacted the T50 values, whereas increasing the percentage of carvedilol in the BSA nanoparticles resulted in the opposite effect. The model diagnostics are mentioned in the Supplementary Material (Figure S5).



Moreover, the effects of higher or lower concentrations of BSA on the cumulative release of carvedilol-loaded nanoparticles and, in turn, the T50 values were analyzed. It was revealed that increasing BSA concentration could significantly contribute to sustaining the carvedilol release profile by increasing the T50 values, as stated in Figure 4a. By comparison of the formulations having the same carvedilol percentage in the BSA nanoparticles and different BSA concentrations, as mentioned in Table 2, the T50 values could be reduced by the following order, F6 > F5 > F1, F4 > F3 > F2, and F7 > F8 > F9. The lower T50 values were observed in the carvedilol-loaded nanoparticles having lower BSA concentrations than those with higher BSA concentrations. This could be attributed to those particles of small size could have higher surface areas available for loading the drug into them and for the presence of the drug existing at the surface, thus resulting in faster release profiles with lower T50 values [40]. Therefore, controlling the particle size of the BSA-based formulations could be recognized as a crucial parameter that could directly influence the drug release rate. In addition, the increased entrapment efficiency induced by increasing the BSA concentration could result in forming more viscous solutions, which could assist in decreasing the release of the drug from the tested nanoparticles showing higher T50 values [34]. These explanations were in agreement with Abolhassani and Shojaosadati [43].



The effect of increasing the carvedilol percentage in the BSA nanoparticles on the release profile of the drug and the T50 values were also examined. The results showed that increasing carvedilol concentration significantly reduced the T50 values of the nanoparticles leading to less sustained release profiles (as depicted in Figure 4b). The comparison between the different formulations possessing the same BSA concentration and different carvedilol percentage in the BSA nanoparticles (Table 2) pointed out that the T50 values could be decreased as follows, F1 > F2 > F9, F5 > F3 > F8, and F6 > F4 > F7. The lower T50 values were observed in the case of higher carvedilol percentage in the BSA nanoparticles compared to those of lower drug concentration. This could be attributed to the reduced entrapment of carvedilol in the BSA-based nanoparticles exhibited after increasing the drug percentage with insufficient BSA molecules to create more nanoparticles. This might have led to the adhesion of excessive carvedilol molecules on the BSA surface, enabling burst release and lower T50 values [43].



On the other hand, the effect of the interaction factor (AB) on the T50 values of the drug-loaded nanoparticles was studied, as shown in Figure S6, Supplementary Material.




3.2.4. Optimization Process


The optimization was carried out to reach favorable levels of the studied factors and achieve the target in preparing the BSA-based nanoparticles of the desired characteristics. According to the optimization targets listed in Table 1, an optimal nanoparticle formulation was suggested with a high desirability value of 0.847. This formulation consisted of BSA at a concentration of 0.5% and 6% carvedilol percentage in the BSA nanoparticles. The software predicted the values of the three responses as 124.32 nm for Y1 response, 92.82% for Y2 response, and 4.15 days for Y3 response. The optimized nanoparticle preparation was formulated and subjected to characterization, where the experimental results were found to be 123.54 nm, 91.61%, and 4.77 days for the three responses, respectively (Figure 5). The experimental and predicted values were in close agreement with acceptable prediction error percentages heralding the validity and the applicability of the experimental design models to assess the impact of the tested factors on the measured responses [23]. In addition, Table 4 shows that the mechanism of carvedilol release from the optimized formulation was best fitted to the Korsemeyer–Peppas model (R2 = 0.9959) following the Fickian (diffusion-controlled) release mechanism (n = 0.348).





3.3. In Vitro Evaluation of Optimized Carvedilol-Loaded Nanoparticle Formulation


3.3.1. TEM Study


The optimized formulation was visualized under a transmission electron microscope. As shown in Figure 6, the nanoparticles were observed to be spherical in their shapes with no aggregates. The results of the particle size values from the DLS technique were found to be relatively higher than those obtained by TEM analysis. This could be ascribed to the size measurement by TEM being performed on the tested nanoparticles at a dried state. On the contrary, the water molecules presented around the tested nanoparticles throughout the DLS measurement might overestimate the particle size values [19].




3.3.2. DSC Study


The thermal behavior of the components could be studied by monitoring the presence, shifting, or disappearance of the endothermic or exothermic peaks. The alteration in the carvedilol crystallinity was observed, as shown in Figure 7. Pure carvedilol exhibited a distinct sharp endothermic peak at 113.03 °C, implying its crystallinity. The thermogram of BSA exhibited a broad enthalpy peak corresponding to heating the protein above its denaturation temperature, which was observed at 73.93 °C [19,48,49]. Upon analyzing the DSC profile of the optimized carvedilol-loaded BSA-based nanoparticles, we observed that the characteristic peak of carvedilol disappeared, suggesting that the drug incorporation in an amorphous state within the protein structure of the optimized formulation. Moreover, the endothermic peak corresponding to the BSA was shifted to 79.56 °C and ended at 117.35 °C. The detected shift in the peak for BSA denaturation in carvedilol-BSA formulation underscores the relevance of considering the various factors that impact the stability of protein formulations. According to previous reports on BSA aging by Farahnaky et al. [48], temperature exposure for two hours during nanoparticle preparation likely altered the protein structure. A shift in the peak may also have been caused by the stabilizing effects of carvedilol on BSA. This could imply the successful interaction and the entrapment of carvedilol inside the BSA nanoparticles, which might lead to a change in the molecular confirmation of the protein with the formation of a more organized and stable structure [49]. These results are supported by earlier studies in which various agents, such as limonene [50], halothane, and palmitic acid [51], increased the denaturation temperature of formed BSA complexes.





3.4. In Vivo Evaluation of Optimized Carvedilol-Loaded Nanoparticle Formulation


The pharmacokinetic profiles of the pure carvedilol and the optimized carvedilol-loaded BSA-based nanoparticles after intramuscular injection into rats are shown in Figure 8a. Immediately following the pure carvedilol injection, the plasma drug concentration peaked at 1589.02 ng/mL within 30 min and then dramatically dropped, leaving less than 15% of the initial drug concentration within 4 h. This could suggest that carvedilol was quickly excreted by the rats. By contrast, the intramuscular administration of the optimized carvedilol-BSA nanoparticles showed a flattening of the pharmacokinetic profile compared to carvedilol alone. As a consequence of the above results, the amounts of the free carvedilol in the plasma were recorded in high concentrations in the group treated with pure carvedilol solution after 30 min; however, their amounts rapidly declined to an undetectable quantity following 12 h of administration. Contrary to this, it was still possible to determine the plasma concentrations of carvedilol released from the optimized BSA nanoparticles up to 72 h subsequent to their injection into rats. This could reveal the slower rate of clearance and the longer in vivo circulation time of the carvedilol-BSA nanoparticles than the pure drug suspension.



Moreover, it could be seen that the optimized carvedilol-BSA nanoparticles had a t1/2 value of 23.56 h, whereas the pure carvedilol was rapidly removed from the circulatory system with a short t1/2 of 4.34 h (Table 5). In light of the increased t1/2, the circulatory time of carvedilol after being encapsulated in the BSA-based nanoparticles was approximately increased by 5.43 times in comparison to that of carvedilol alone. The significant increase in the circulating time of the BSA nanoparticles in the blood was attributable to the robust attachment of carvedilol to BSA, as supported by the above-mentioned in vitro drug release and DSC investigations. Furthermore, the AUC0–∞ of the optimized carvedilol-BSA nanoparticles was increased by 3.22 folds than that of pure carvedilol (Table 5), which could lend credence to the effect of the BSA on extending the carvedilol release period in vivo [52].



Concerning the MRT values of both tested formulations, the optimized carvedilol-BSA preparation demonstrated a higher MRT value than that of the pure carvedilol suspension, indicating the long circulation action of carvedilol in vivo after being entrapped in the BSA-based nanoparticles, hence displaying a better bioavailability [47]. Additionally, the in vitro dissolution efficiency (DE%) of the optimized carvedilol-BSA nanoparticles was correlated to the in vivo AUC0–72 and the R2 value was 0.9908, as shown in Figure 8b. Our findings could signify the merits of using BSA nanoparticles in enhancing the carvedilol encapsulation in addition to sustaining the drug release in vitro and in vivo. This could reflect their possibility to be utilized for clinical purposes to improve the compliance of hypertensive patients.





4. Conclusions


The BSA-based nanoparticles had been investigated as promising strategies for carvedilol delivery owing to their intrinsic capability to deliver drugs of low water solubility at a sustained rate. The BSA in the nanoform displayed exemplary abilities to encapsulate carvedilol and achieve improved physicochemical and pharmacokinetic attributes. Per the data of the factorial design, the increment of the BSA concentration (Factor A) demonstrated its significant positive effect on the particle size (Y1), the entrapment efficiency (Y2), and the T50 values (Y3) of the studied nanoparticles, whereas factor B (carvedilol percentage in the BSA nanoparticles) represented its remarkable positive impact on the Y1 response in addition to its negative impact on the Y2 and Y3 responses. Choosing an optimized BSA-based nanoparticle formulation that could meet the required criteria proved the validity of the utilized design and the applicability of its findings. After injection into rats, the optimized carvedilol-loaded BSA-based nanoparticles showed their higher t1/2 and AUC values compared to those of the pure drug suspension, indicating their longer circulation time and better bioavailability in vivo. Our study could help acquire an adequately applicable and value-added nanoparticle product that would be beneficial in treating hypertensive patients.
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Figure 1. One factor plots of Y1 response. (a) effect of A on Y1; (b) effect of B on Y1. 
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Figure 2. One factor plots of Y2 response. (a) effect of A on Y2; (b) effect of B on Y2. 
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Figure 3. In vitro cumulative release of carvedilol from BSA-based nanoparticles (F1–F9). 
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Figure 4. One factor plots of Y3 response. (a) effect of A on Y3; (b) effect of B on Y3. 
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Figure 5. Characterization of optimized carvedilol-loaded BSA-based nanoparticle formulation. (a) particle size distribution; (b) in vitro cumulative drug release. 
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Figure 6. TEM image of optimized carvedilol-loaded BSA-based nanoparticle formulation. 






Figure 6. TEM image of optimized carvedilol-loaded BSA-based nanoparticle formulation.



[image: Pharmaceutics 15 01425 g006]







[image: Pharmaceutics 15 01425 g007 550] 





Figure 7. DSC thermograms of (a) pure carvedilol, (b) BSA, (c) blank optimized nanoparticle formulation, and (d) optimized carvedilol-loaded nanoparticle formulation. 
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Figure 8. (a) Plasma concentration-time profiles of pure carvedilol and optimized carvedilol-loaded BSA-based nanoparticles following intramuscular administration to rats (n = 5). (b) In vitro/in vivo correlation (IVIVC) between DE% and AUC0–72. 
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Table 1. Independent factors and dependent responses for carvedilol-loaded BSA-based nanoparticles.
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Independent Factors

	
Unit

	
Symbol

	
Actual Levels (Coded)




	
Low

(−1)

	
Medium

(0)

	
High

(+1)






	
BSA concentration

	
%

	
A

	
0.5

	
1

	
1.5




	
Carvedilol percentage in BSA nanoparticles

	
%

	
B

	
6

	
8.5

	
11




	
Dependent responses

	
Unit

	
Symbol

	
Goal




	
Particle size

	
nm

	
Y1

	
Minimize




	
Entrapment efficiency

	
%

	
Y2

	
Maximize




	
T50

	
d

	
Y3

	
Target to 3.5 d








BSA, bovine serum albumin; T50, the time required to release 50% of carvedilol.
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Table 2. Nine experimental formulations as suggested by 32 factorial design and observed values of responses.
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Formulation

	
Actual Levels

	
Responses




	
A

(%)

	
B

(%)

	
Y1

(nm)

	
Y2

(%)

	
Y3

(d)






	
F1

	
0.5

	
6

	
123.33 ± 7.83

	
93.14 ± 0.97

	
4.46 ± 0.62




	
F2

	
0.5

	
8.5

	
147.84 ± 22.84

	
88.32 ± 1.03

	
3.05 ± 0.38




	
F3

	
1

	
8.5

	
177.56 ± 13.21

	
94.41 ± 0.77

	
5.47 ± 0.71




	
F4

	
1.5

	
8.5

	
196.66 ± 16.11

	
97.57 ± 0.91

	
7.29 ± 0.79




	
F5

	
1

	
6

	
148.60 ± 22.16

	
96.19 ± 1.31

	
6.23 ± 0.78




	
F6

	
1.5

	
6

	
167.83 ± 7.08

	
98.89 ± 1.02

	
8.51 ± 0.79




	
F7

	
1.5

	
11

	
243.96 ± 13.26

	
94.13 ± 0.98

	
2.25 ± 0.55




	
F8

	
1

	
11

	
210.36 ± 13.39

	
90.34 ± 0.42

	
1.41 ± 0.33




	
F9

	
0.5

	
11

	
186.30 ± 18.41

	
78.28 ± 1.25

	
0.14 ± 0.05








A, BSA concentration; B, carvedilol percentage in BSA nanoparticles; Y1, particle size; Y2, entrapment efficiency; Y3, the time required to release 50% of carvedilol (T50).
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Table 3. ANOVA statistical results of responses (Y1, Y2, and Y3).
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Source

	
Y1 Response

	
Y2 Response

	
Y3 Response




	
F-Value

	
p-Value

	
Significance

	
F-Value

	
p-Value

	
Significance

	
F-Value

	
p-Value

	
Significance






	
Model

	
164.01

	
0.0007

	
Significant

	
29.31

	
0.0095

	
Significant

	
66.20

	
0.0029

	
Significant




	
A

	
292.75

	
0.0004

	
Significant

	
76.26

	
0.0032

	
Significant

	
95.27

	
0.0023

	
Significant




	
B

	
518.14

	
0.0002

	
Significant

	
51.98

	
0.0055

	
Significant

	
208.89

	
0.0007

	
Significant




	
AB

	
3.34

	
0.1652

	
Non-significant

	
12.26

	
0.0394

	
Significant

	
4.97

	
0.1120

	
Non-significant




	
A2

	
0.217

	
0.6731

	
Non-significant

	
3.56

	
0.1555

	
Non-significant

	
0.0794

	
0.7964

	
Non-significant




	
B2

	
5.63

	
0.0983

	
Non-significant

	
2.48

	
0.2136

	
Non-significant

	
21.82

	
0.0185

	
Significant








ANOVA, analysis of variance; Y1, particle size; Y2, entrapment efficiency; Y3, time required to release 50% of carvedilol (T50); A, BSA concentration; B, carvedilol percentage in BSA nanoparticles.
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Table 4. Kinetic release study of carvedilol-loaded BSA-based nanoparticle formulations.
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Formulation

	
Zero Order Model

	
First Order Model

	
Higuchi Model

	
Hixson–Crowell Model

	
Korsmeyer–Peppas Model




	
R2

	
R2

	
R2

	
R2

	
R2

	
n

	
T50






	
F1

	
0.4897

	
0.6793

	
0.9095

	
0.6239

	
0.9854

	
0.327

	
4.46




	
F2

	
0.4309

	
0.6665

	
0.8847

	
0.5990

	
0.9789

	
0.313

	
3.05




	
F3

	
0.6357

	
0.7785

	
0.9559

	
0.7370

	
0.9880

	
0.374

	
5.47




	
F4

	
0.7322

	
0.8309

	
0.9781

	
0.8023

	
0.9910

	
0.412

	
7.29




	
F5

	
0.7837

	
0.8824

	
0.9909

	
0.8547

	
0.9951

	
0.447

	
6.23




	
F6

	
0.8429

	
0.9075

	
0.9882

	
0.8887

	
0.9882

	
0.503

	
8.51




	
F7

	
−0.0716

	
0.2968

	
0.6720

	
0.1896

	
0.9929

	
0.226

	
2.25




	
F8

	
−0.0883

	
0.3443

	
0.6621

	
0.2227

	
0.9915

	
0.224

	
1.41




	
F9

	
−1.1107

	
0.3320

	
0.0792

	
−0.2575

	
0.9962

	
0.140

	
0.14




	
Optimized

	
0.5762

	
0.7423

	
0.9436

	
0.6948

	
0.9959

	
0.348

	
4.77








R2, Coefficient of determination; n, release exponent; T50, the time required to release 50% of carvedilol.
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Table 5. Pharmacokinetic parameters after intramuscular administration of pure carvedilol and optimized carvedilol-BSA nanoparticles to rats (n = 5). Data are presented as averages ± standard error of mean.
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	Parameters
	Pure Carvedilol Suspension
	Optimized Carvedilol-BSA Nanoparticles





	t1/2 (h)
	4.34 ± 0.77
	23.56 ± 1.92



	AUC0–72 (ng/mL.h)
	3115.09 ± 784.53
	10,154.75 ± 2652.49



	AUC0–∞ (ng/mL.h)
	3671.54 ± 1041.31
	11,804.37 ± 3425.80



	MRT (h)
	4.98 ± 0.77
	32.21 ± 3.03







BSA, bovine serum albumin; t1/2, elimination half life; AUC0-72, area under the curve from 0 to 72 h; AUC0-∞, area under the curve from 0 to infinity; MRT, mean residence time.
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