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Abstract

:

Silver nanoparticles act as antitumor agents because of their antiproliferative and apoptosis-inducing properties. The present study aims to develop silver nanoparticle-loaded liposomes for the effective management of cancer. Silver nanoparticle-encapsulated liposomes were prepared using the thin-film hydration method coupled with sonication. The prepared liposomes were characterized by DLS (Dynamic Light Scattering analysis), FESEM (Field Emission Scanning Electron Microscope), and FTIR (Fourier Transform Infrared spectroscopy). The in vitro drug release profile of the silver nanoparticle-loaded liposomes was carried out using the dialysis bag method and the drug release profile was validated using various mathematical models. A high encapsulation efficiency of silver nanoparticle-loaded liposome was observed (82.25%). A particle size and polydispersity index of 172.1 nm and 0.381, respectively, and the zeta potential of −21.5 mV were recorded. FESEM analysis revealed spherical-shaped nanoparticles in the size range of 80–97 nm. The in vitro drug release profile of the silver nanoparticle-loaded liposomes was carried out using the dialysis bag method in three different pHs: pH 5.5, pH 6.8, and pH 7.4. A high silver nanoparticle release was observed in pH 5.5 which corresponds to the mature endosomes of tumor cells; 73.32 ± 0.68% nanoparticle was released at 72 h in pH 5.5. Among the various mathematical models analyzed, the Higuchi model was the best-fitted model as there is the highest value of the correlation coefficient which confirms that the drug release follows the diffusion-controlled process. From the Korsmeyer–Peppas model, it was confirmed that the drug release is based on anomalous non-Fickian diffusion. The results indicate that the silver nanoparticle-loaded liposomes can be used as an efficient drug delivery carrier to target cancer cells of various types.
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1. Introduction


Cancer is an abnormal cell growth that invades other parts of the body and is considered a major cause of death all over the world [1]. In 2019, there were 9.5 million deaths due to cancer and there were 18.1 million new cancer cases [2]. It is estimated that by the year 2040, there will be an increase in new cases and death by up to 40–50%. More than a hundred types of cancers had been recorded so far [3], which are typically categorized based on their origin, for example, blood cancer, lung cancer, and breast cancer, which originate in the blood, lungs, and brain, respectively [4]. Cancer can also be characterized based on the cells that are responsible for their formation such as squamous cells or epithelial cells [5]. These cancer cells can invade other parts of the body through the process called metastasis which results in the formation of secondary tumors [6]. Currently, chemotherapy is the major treatment strategy for most cancer types [7]. These chemotherapy treatments lead to several side effects as they cause damage to both normal and cancer cells [8]. Since there are enormous side effects in chemotherapy, an alternative treatment strategy for cancer with minimal or fewer side effects is the need of the hour [9,10].



Nowadays, silver nanoparticles are increasingly utilized in the treatment of various tumors because of their biosafety, physical properties, and small size [11]. Since they are smaller in size, they can easily penetrate most of the cells and exert targeted drug delivery [12]. There are numerous methods that are available for the synthesis of these nanoparticles, including physical chemical, and biological approaches [13]. Out of these approaches, nanomaterials including silver nanoparticles, obtained from biological techniques typically exhibit higher biocompatibility with human organs and tissues [14]. These methods do not involve hazardous chemical substances and reagents which are toxic and thus can be harmful to both humans and the environment [15]. Particularly, plant extract-based biological methods which involve bioactive secondary metabolites such as flavonoids, alkaloids, saponins, carbohydrates, proteins, and tannins, as natural reducers and/or stabilizers have gained immense popularity [16]. Moreover, these methods are also preferred due to their efficient ability to rapidly produce high-quality nanomaterials at a low cost and in an eco-friendly manner [17]. The major advantage of these nanoparticles is that they produce minimal side effects, and because of the use of plants as a source of primary reagents, nanoparticles obtained from such methods have been widely used in the treatment and diagnosis of cancerous cells [18,19].



So far, different types of plant extracts have been applied to obtain a variety of nanomaterials [20,21]. One such plant is Tabebuia pallida, which is often called “Pink trumpet tree”, possesses great potential in the plant-based synthesis of nanomaterial due to the presence of large contents of phenolic and flavonoid compounds [22]. This plant belongs to the family “Bignoniaceae”, which is one of the largest genera that is distributed in South America, Central America, and the western region of India [23]. It is usually grown as an ornamental tree that reaches up to 25–30 m in height. Tabebuia species are mainly used in Ancient folk medicine for treating various diseases including allergies, syphilis, constipation, malaria, prostatitis, cutaneous infections, diabetes, stomach disorders, depression, cancer, irritability, inflammation, poor memory, pain, anxiety, and fungal and bacterial infections [24,25]. Tabebuia pallida has been previously used to prepare nanoparticles and is also selected to prepare silver nanoparticles in the current study [26].



The utilization of silver nanoparticles for medicinal purposes is often hampered due to the low solubility of silver-based materials in biological fluids [27]. To subdue these issues, silver nanoparticles are usually conjugated with biologically benevolent entities such as biocompatible organic ligands and biopolymers which enhance the bioavailability of silver-based nano-systems [12]. Notably, bio-conjugated silver nanoparticles not only enhance the solubility of resulting materials by inhibiting agglomeration, but they also offer an oligodynamic effect and enhanced interactions with desired biomolecules [28]. Hence, surface functionalization of nanomaterials with suitable biomolecules in a controlled fashion without disturbing the bulk properties of the parent substance is an effective methodology to obtain biologically effective high-quality silver nanoparticles [29]. Depending upon the requirement, silver nanoparticles are often conjugated with a variety of ligands with diverse functional groups. Particularly, in this regard, tailoring the surface of silver nanoparticles with biologically gentle, hydrophilic functionality is a popular method [30]. There are a large number of naturally occurring biomolecules with different compositions, sizes, and complexity which have been extensively exploited to obtain highly effective, biocompatible, silver-based nano-systems [31]. These ligands include small molecules such as peptides, vitamins, lipids, and larger molecules such as natural polymers including proteins, enzymes, DNA, and RNA [32].



In the case of nanoparticle-based pharmaceuticals, including silver, prolonged biodistribution, and high concentrations of nanomedicines may induce toxicity, due to the inefficient delivery of drugs to targeted cells [33]. Therefore, the development of methods for the effective delivery of low concentrations of nanomedicines to target cells becomes pertinent [34]. One of the effective approaches to achieve this is the encapsulation of nanomedicines in a lipid bilayer. This approach has been already explored in several studies in which the system was found to exhibit improved delivery with promising results [35]. In this regard, liposomes exhibit a variety of novel characteristics that make them efficient drug-delivery vehicles [36]. Liposomes are lipid vesicles which have been extensively exploited as conventional drug carriers to encapsulate a variety of diagnostic and therapeutic agents with high encapsulation efficiency and protect them from undergoing metabolism [37,38]. Liposomes are able to encapsulate both hydrophilic and hydrophobic drug candidates, the lipid layer of liposomes can accommodate hydrophobic drugs due to hydrophobic interactions between the fatty acid chains and the drug while the aqueous core of the liposome is effective in holding hydrophilic drugs [39]. The major advantage of these liposomes is that they are biocompatible and biodegradable in nature which makes them environmentally friendly [40]. Lipid-based nanocarriers are effectively utilized by pharmaceutical industries for the intracellular delivery of anticancer agents since they exert targeted and controlled drug delivery to cancer cells. Since they exert targeted drug delivery nonspecific activity on the cells, they will reduce which prevents unwanted side effects [41].



Thus, the present study aims to prepare silver nanoparticle-loaded liposome-based nano-system for the purpose of drug delivery. To achieve this, silver nanoparticles were obtained by using Tabebuia pallida plant extract as a reducing agent (cf. Scheme 1). During this study, the in vitro drug release profile of the silver-loaded liposome vehicle was evaluated and validated through various mathematical models which could be employed for the treatment of various tumors.




2. Materials and Methods


2.1. Materials


All the chemicals used in the study were of analytical grade.




2.2. Preparation of Tabebuia pallida Leaf Extract


For this study, Tabebuia pallida leaves were collected from Avinashi (Tirupur District, Tamilnadu). The identity of the plant (Authentication no: BSI/SRC/5/23/2019/Tech./193) was confirmed by the Botanical Survey of India [BSI], Coimbatore, India. After collection, the leaves of T. pallida were washed with tap water several times. Subsequently, the leaves were allowed to dry, which is later transformed into coarsely grinded powder. For the purpose of extraction, 10 g of leaves powder was dispersed in 100 mL of water and ethanol mixture (ethanol: water—60:40). The mixture was hydro distilled under reflux in a Soxhlet apparatus. Later, the residual mixture was filtered using Whatman filter paper and stored in the refrigerator for later use. The freshly prepared hydroethanolic extract was applied for the sunlight-mediated preparation of silver nanoparticles.




2.3. Preparation of Silver Nanoparticles


Silver nanoparticles were prepared by using a green synthetic method which is applied in our previous study [26]. Briefly, 10 mL of the as-obtained leaf extract was mixed with 90 mL of freshly prepared silver nitrate solution (1 mM). The final volume of the solution was 100 mL. The subsequent mixture was directly placed under sunlight for several minutes (20 min). Under sunlight, the color of the solution turned from light brown to dark reddish brown which indicated the reduction of silver ions to silver nanoparticles. To isolate the product, the solution was centrifuged at 15,000 rpm for 45 min. After decanting the supernatant, the solid residual silver nanoparticles were taken out and washed several times with DI water to remove the remaining contents of the leaf extract. Later, the as-obtained silver nanoparticles were subjected to lyophilization and stored in the dark for further analysis




2.4. Preparation of Silver Nanoparticle-Loaded Liposomes


The silver nanoparticle-encapsulated liposomes were prepared using the thin-film hydration method coupled with sonication. Cholesterol and phosphatidylcholine (Lecithin) were used at a molar ratio of 2:1. The mixture of cholesterol and lecithin was dissolved in 10 mL of chloroform until the formation of a clear solution. Using a rotary evaporator, the chloroform was evaporated at 40 °C and then the flask was kept in a vacuum overnight for the complete removal of the organic solvent which resulted in the formation of a thin lipid film. This thin film was then hydrated with the 5 mL of silver nanoparticles dissolved in DMSO by placing it in a rotary evaporator for 5 min. Thus, obtained silver nanoparticle-loaded liposomes were subjected to sonication to reduce the size of the liposomes. Then, the nonloaded silver nanoparticles present in the supernatant were removed by centrifugation [42].




2.5. Encapsulation Efficiency of Silver Nanoparticle-Loaded Liposomes


The silver nanoparticle encapsulation efficiency was determined using the indirect spectrophotometric method. To determine the amount of encapsulated silver nanoparticles, the silver nanoparticle-loaded liposomes were treated with chloroform and shaken well. This process releases the silver nanoparticles encapsulated in the liposomes which can be measured spectrophotometrically at 450 nm. The encapsulation efficiency can be calculated using the following formula [43,44].


Loading capacity = (Amount of encapsulated nanoparticle/weight of the lipid) × 100










   Encapsulation   Efficiency  =    Amount   of   Encapsulated   Nanoparticle       Amount   of   Encapsulated    +  Free   Nanoparticle      × 100  












2.6. Characterization of Silver Nanoparticle-Loaded Liposomes


The particle size distribution (PDI), particle size, and zeta potential of the silver nanoparticle-loaded liposomes were analyzed using DLS (Malvern Instruments, Malvern, UK) method. The size and morphology of the prepared liposomes were analyzed using FESEM (MIRA 3 TESCAN). Initially, the silver nanoparticle-loaded liposomal powder was dissolved in DMSO and subjected to FESEM analysis. The sample was sputtered using gold, dried, and analyzed. To study the interaction between the silver nanoparticles and the lipids the FTIR spectroscopic analysis was carried out (FTIR spectroscopy—miracle 10, SHIMADZU).




2.7. In Vitro Drug Release Study


The in vitro release of silver nanoparticles from the liposomes was analyzed using three different pHs: pH 7.4 which corresponds to the pH of blood, pH 6.8 which corresponds to the pH of cancer cells, and pH 5.5 which corresponds to the mature Endosomes of cancer cells. The Tabebuia pallida silver nanoparticle-loaded liposomes were transferred to a dialysis bag. The dialysis bag was kept in 100 mL of phosphate-buffered saline at the various pHs 5.5, 6.8, and 7.4 which is kept under a magnetic stirrer for continuous shaking. A total of 5ml of the PBS solution was removed from the system and replaced with 5 mL of fresh PBS solution at various time intervals, namely, 2, 4, 8, 12, 24, 48, and 72 h, to determine the number of silver nanoparticles released from the liposomes. The amount of silver nanoparticles released was estimated spectrophotometrically at 450 nm [45].




2.8. Application of Mathematical Models in Release Kinetics of Silver Nanoparticle-Loaded Liposomes


Various mathematical models are employed to correlate the in vitro drug release profile with drug release kinetics. They include the zero-order model, first-order model, the Higuchi model, the Korsmeyer–Peppas model, and the Hixson–Crowell model. To study the Zero-order release kinetics a graph was plotted between cumulative percentage drug release and time. The first-order model can be represented by plotting the log % of drug remaining vs. time. To study the Higuchi model for drug release, a graph was plotted between the cumulative percentage of drug release vs. the square root of time. Log cumulative percentage drug release vs. log time can be used to study the Korsmeyer and Peppas model. To study the Hixson and Crowell model, a graph was plotted between the cube root of the percentage of drug remaining versus time. Various mathematical models can be expressed using the following equations [46].



Zero-order model


Ct = C0 + K0 t








where Ct—the amount of drug released at time t; C0—initial concentration of drug at time t = 0; K0—zero-order rate constant.



First-order model


log C = log C0 − K1 t/2.303








where K1—first-order rate equation expressed in time−1 or per hour, C0 is the initial concentration of the drug, C is the percent of drug remaining at time t.



Higuchi model


Q = KH × t1/2








where KH—Higuchi dissolution constant; Q—the cumulative amount of drug released in time t per unit area.



Korsmeyer–Peppas model


log(Mt/M∞) = log Kkp + nlog t








where Mt—the amount of drug released in time t; M∞—the amount of drug released after time ∞; n—the diffusional exponent or drug release exponent; Kkp—Korsmeyer release rate constant.



Hixson–Crowell model


W01/3 − Wt1/3 = KHCt








where W0—the initial amount of drug in the liposome; Wt is the remaining amount of drug in the liposome at time t; KHC—Hixson–Crowell constant.





3. Results and Discussion


To prepare the silver nanoparticle-loaded liposomes nano-system, the silver nanoparticles were obtained by using T. pallida leaf extract as a reducing agent. The identity of the nanoparticles was confirmed by the UV and XRD analysis. As shown in Figure 1a, the UV spectrum of silver nanoparticles displays a sharp absorption at ~430 nm which is a characteristic peak of silver. In addition, the XRD spectrum in Figure 1b, shows various diffraction peaks at 2θ = 32.20, 38.08, 46.18, and 54.80 corresponding to the (111), (200), (120), and (202) planes, respectively [26]. These diffraction patterns clearly indicate the formation of silver nanoparticles in a face-centered cubic crystalline structure (fcc). The size and shape of the silver nanoparticles were confirmed using FESEM analysis and it was found that the synthesized silver nanoparticles were spherical in shape with the size ranging from 10 to 60 nm and the average size was found to be 27 nm.



3.1. Encapsulation Efficiency of Silver Nanoparticle-Loaded Liposomes


Encapsulation efficiency is defined as the percentage of drug or nanoparticle that is entrapped successfully by the lipid vesicle. The encapsulation efficiency is calculated using the formula.


   Encapsulation   Efficiency  =    Amount   of   Encapsulated   Nanoparticle       Amount   of   Encapsulated    +  Free   Nanoparticle      × 100  











From Figure 2, it was found that the amount of encapsulated nanoparticles = 4.1125 mg and the amount of encapsulated + free nanoparticles = 5 mg (amount of nanoparticle present in the liposome initially). By applying these values in the above formula, the encapsulation efficiency was calculated as 82.25%. This high encapsulation efficiency is mainly because the silver nanoparticle is poorly soluble in an aqueous medium which facilitated their incorporation in the hydrophobic part of the liposome. In addition, there is adequate space in the lecithin and cholesterol for the binding of silver nanoparticles because of the suitable ratio between lecithin, cholesterol, and silver nanoparticles, which increased the encapsulation efficiency [44,47]. In line with our study, Hardiansyah et al. 2017 loaded curcumin in both PEGylated magnetic liposomes and found that the PEGylated liposomes possess a higher encapsulation efficiency for curcumin (78.06 ± 0.57%) compared to PEGylated magnetic liposomes (76.15 ± 1.6%) [48]. The curcumin was encapsulated in the lipophilic part of the lipid bilayer of the liposome. Najlah et al. (2019) developed disulfiram encapsulated PEGylated liposome which showed an encapsulation efficiency of more than 80% [49]. The loading capacity of the silver nanoparticle-loaded liposomes has been calculated using the following formula.


Loading capacity = (Amount of encapsulated nanoparticle/weight of the lipid) × 100











From the formula, the loading capacity was found to be 17.74%.




3.2. Characterization of Silver Nanoparticle-Loaded Liposomes


3.2.1. Dynamic Light Scattering


An effective drug delivery carrier should possess two main characteristics which include appropriate particle size and surface charge [50,51]. A carrier that fails in these properties will be ineffective and will not exert targeted delivery. Many researchers have reported that when the particle size of the drug carrier increases there will be a decrease in the efficiency of cellular uptake. The optimum size of the drug-loaded carrier is reported as 100–200 nm [52]. This small size can facilitate the drug-loaded carrier to effectively deliver the drug to the targeted tumor site [53,54]. Another important property of the drug delivery carrier is its surface charge which makes them stable under physiological conditions. The high negative charge of the carriers will make them very stable by preventing them from agglomeration and also this negative charge prevents them from being phagocytized to some extent when compared to the positively charged particles [55]. Thus, zeta potential and particle size play a crucial role in drug delivery applications. Usually, a low polydispersity index value of less than 0.5 indicates that the particles are uniformly distributed [56]. This could be attained by subjecting the liposomes to sonication and as a result, the PDI value narrows [57].



As shown in Figure 3a,b, the particle size and zeta potential of the silver nanoparticle-loaded liposomes were found to be 172.1 nm and −21.5 mV, respectively, with the polydispersity index of 0.381. From these results, it is confirmed that the silver nanoparticle-loaded liposomes can effectively target the tumor site because of their size of less than 200 nm and will not agglomerate easily, which increases its stability. In line with our study, Joel et al. prepared liposomes loaded with silver nanoparticles obtained by green synthesis and observed that the polydispersity index, average size, and zeta potential were 0.384, 129.12−278.46 nm, and −18.96 mV, respectively [58].




3.2.2. Field Emission Scanning Electron Microscope


The size and morphology of the silver nanoparticle-loaded liposomes were analyzed using a field emission scanning electron microscope (FESEM). FESEM analysis revealed the presence of spherical shape AgNP-loaded liposomes which are in the size range of 80–97 nm (Figure 4). The size of the silver nanoparticle-loaded liposomes that are observed in SEM analysis is lesser than the size observed in DLS analysis. This is because the SEM measures the number-based size distribution and it will not measure the ions and molecules that are present on the surface of the particle. However, DLS is based on the measurement of hydrodynamic size which includes capping agent. Our results coincide with the study conducted by Yusuf et al., in which the silver nanoparticles were uniformly distributed, and spherical in shape with ~82 nm in size in the composite of encapsulated silver nanoparticles with liposomes [35].




3.2.3. Fourier Transform Infrared Spectroscopy


The FTIR spectral analysis was carried out to analyze the functional groups that play a role in the formation of silver nanoparticle-loaded liposomes. The FTIR spectrum was recorded for both the blank liposomes (lecithin and cholesterol alone- before the encapsulation of silver nanoparticles) and the silver nanoparticle-loaded liposomes (Figure 5a,b). The FTIR spectrum of the blank liposomes shows various peaks at different wave numbers including 555, 601, 678, 948, 1010, 1635, and 3363 cm−1. These peaks correspond to various functional groups which are as follows: a peak at 555 cm−1 represents C-Br stretching which indicates the presence of halo compounds, and another band at 601 cm−1 corresponds to the C-Cl which indicates alkyl halides. A peak at 678 cm−1 corresponds to =CH which indicates aromatic compounds [59]. A peak at 1010 cm−1 and 948 cm−1 represents C=C, respectively. FTIR spectrum at 1635 cm−1 and 3363 cm−1 corresponds to C=O and O-H bonds respectively [60].



The FTIR spectrum of silver nanoparticle-loaded liposomes shows different peaks at 501, 594, 756, 1056, 1219, 1373, 1458, 1735, 2854, 2924, and 3387 cm−1. A peak at 501 cm−1 and 594 cm−1 corresponds to C-I. An FTIR peak at 756 cm−1 corresponds to the C=C group [24]. A peak at 1056 cm−1 represents the C-O bond and a peak at 1219 cm−1 represents -CO-. FTIR peak at 1373 cm−1 and 1458 cm−1 corresponds to -CH2 bond respectively. A peak at 1735 cm−1 corresponds to the -C-O-C- group. FTIR peak at 2854 cm−1 and 2924 cm−1 corresponds to the -CH 3 group. Finally, a peak at 3387 cm−1 represents the O-H bond. From the FTIR spectrum of liposome blank and silver nanoparticle-loaded liposomes, it is observed that there is an interaction between the silver nanoparticles and the lipids which leads to their encapsulation inside the vesicles [61].





3.3. In Vitro Drug Release Study


The in vitro release of silver nanoparticles from the liposomes were analyzed using three different pH; pH 7.4 which corresponds to the pH of blood, pH 6.8 which corresponds to the pH of cancer cells and pH 5.5 which corresponds to the mature Endosomes of cancer cells for different time intervals such as 2, 4, 8, 12, 24, 48, and 72 h. The in vitro drug release profile of silver nanoparticle-loaded liposomes are shown in Figure 6.



From the graph, a high silver nanoparticle release from liposomes was observed at pH 5.5 which corresponds to the mature Endosomes of cancer cells. The drug release was found to be increased when the time increased in all the pH models: 73.32 ± 0.68% nanoparticles were released in the system after 72 h at a pH of 5.5, and 22.24 ± 1.00% nanoparticles and 20.75 ± 0.11% nanoparticles were released at the 72 h at a pH of 6.8 and 7.4, respectively. A high silver nanoparticle release was observed at low pH and the drug release was found to be decreased when the pH of the system increased. From this evidence, it was confirmed that the drug release was high in acidic conditions. This is because the acidic condition breaks the liposomal integrity and releases the encapsulated silver nanoparticle. This acidic condition promotes the hydrolysis of phospholipids which increases membrane permeability and leads to the release of the encapsulated nanoparticles. However, the liposome structure is resistant to alkali conditions [62]. Similar findings were indicated by Ankita et al. (2020) who synthesized Paclitaxel and Piperine co-loaded liposomes and carried out an in vitro drug release study by the dialysis bag method. They analyzed the release of Paclitaxel and Piperine in three different pHs: pH 5.5, pH 6.5, and pH 7.4 and observed that there is a high release of the encapsulated drug in pH 5.5 [63].




3.4. Application of Mathematical Models in Release Kinetics of Silver Nanoparticle-Loaded Liposomes


3.4.1. Zero-Order Model


According to zero-order drug release kinetics, a drug release from a drug delivery system remains constant per unit of time and it is independent of concentration. To evaluate the drug release by zero-order kinetics, a graph was plotted between time and cumulative drug release % (Figure 7a–c). The slope of the graph provides a rate constant for the zero-order model. The correlation coefficient R2 can be used to predict whether the drug release follows a zero-order model or not [64].



From the above graphs, it could be concluded that the drug release does not follow zero-order release kinetics as there is a lower value (R2 = 0.816 for pH 5.5, R2 = 0.823 for pH 6.8, and R2 = 0.848 for pH 7.4) of the correlation coefficient.




3.4.2. First-Order Model


According to first-order drug release kinetics, the drug release rate is proportional to the drug concentration which indicates that when there is a high concentration of the drug, the release rate also will be high and when the drug concentration decreases, the drug release also decreases [64]. To study the first-order release kinetics for various pHs, a graph was plotted between the log % of drug remaining and time (Figure 8a–c). From the slope of the line, the first-order rate constant can be predicted and the correlation coefficient value indicates whether the drug release obeys first-order kinetics or not.



From the above graphs, it could be concluded that the drug release does not follow First order release kinetics as there is a lower value (R2 = 0.932 for pH 5.5, R2 = 0.848 for pH 6.8, and R2 = 0.869 for pH 7.4) of the correlation coefficient.




3.4.3. Higuchi Model


According to the Higuchi model, the drug release from a matrix as a square root of time is based on the process of diffusion. If there is the highest correlation coefficient, then it can be predicted that the drug release is through diffusion. There are some predictions for the Higuchi model and they include: the drug concentration is much higher than the solubility of the matrix at time t0, Sink conditions are maintained perfectly, and there is constant drug diffusion [46]. To study the Higuchi model of drug release kinetics for various pHs, a graph was plotted between cumulative % drug release and square root time (Figure 9a–c).



From the above graphs, it could be concluded that the drug release perfectly follows Higuchi drug release kinetics as there is the highest value (R2 = 0.965 for pH 5.5, R2 = 0.967 for pH 6.8, and R2 = 0.966 for pH 7.4) of the correlation coefficient.




3.4.4. Korsmeyer–Peppas Model


From the Higuchi model of drug release kinetics, it is confirmed that the drug release is through diffusion. The Korsmeyer–Peppas model is fitted to understand that drug release follows type of diffusion [65]. To study the drug release kinetics by the Korsmeyer–Peppas model, a graph was plotted between log cumulative drug release % and log time (Figure 10a–c). From the n value (release exponent) obtained using the plot, the type of diffusion can be predicted.



The drug transport mechanism for different values of release exponent was expressed in Table 1. From Table 2, it could be concluded that the drug release of various pH values follows non-Fickian transport as their release exponent falls in the category of 0.5 < n < 1.0 [66].




3.4.5. Hixson–Crowell Model


According to the Hixson–Crowell model, the drug release is by dissolution and not by diffusion. It is based on the fact that there is a change in the surface area and diameter of the particle when there is dissolution [65]. To study the drug release kinetics by Hixson–Crowell model, a graph was plotted between the cube root of the initial drug concentration and the concentration of the drug at time t against time (Figure 11a–c).



From the above graphs, it could be concluded that the drug release does not follow Hixson–Crowell release kinetics as there is a lower value (R2 = 0.899 for pH 5.5, R2 = 0.840 for pH 6.8 and, R2 = 0.862 for pH 7.4) of the correlation coefficient.





3.5. Results of Various Mathematical Models


The in vitro drug release profile of silver nanoparticle-loaded liposomes was fitted for five different mathematical models and evaluated using correlation coefficient r2. The results of all five models are given in Table 3. A suitable mathematical model for in vitro drug release study was determined by the highest value of the correlation coefficient. Among all the models analyzed, the Higuchi model was found to be the best-fitted model as it shows the highest degree of correlation coefficient so it could be concluded that the drug release follows the diffusion mechanism. From the Korsmeyer–Peppas model, it was confirmed that the drug release is based on anomalous non-Fickian transport. In line with our study, Nayer et al. prepared turmeric extract-loaded nanoliposomes and carried out an in vitro drug release study and validated the results through various mathematical models, and observed that the Higuchi model was found to be the best-fitted model as its coefficient of correlation is higher when compared to the other models [44]. Similar findings were observed by Minh et al. (2020) who prepared Letrozole and Paclitaxel-loaded liposomes and applied the drug release profile in various mathematical models such as the zero-order model, first-order model, Higuchi model, and Korsmeyer–Peppas model, and observed that the Korsmeyer–Peppas and Higuchi models indicated the highest correlation coefficient values. Since the release profile of Letrozole and Paclitaxel shows the highest correlation coefficient for the Higuchi model, it is confirmed that the drug release follows diffusion, and also in the Korsmeyer and Peppas model, the value of release exponent (n) was found to be lower than 0.5 for both Letrozole and Paclitaxel which indicates that the drug release follows Quasi-Fickian diffusion [67]. Fateme et al. 2018 prepared PEGylated doxorubicin-loaded liposomes and carried out mathematical modeling of drug release kinetics. They observed that the drug release follows the Korsmeyer and Peppas model of drug release kinetics [68]. Milad et al. 2012 prepared hesperetin loaded liposomes and analyzed the in vitro drug release profiling of the liposomes, and validated them through different mathematical models. Among the various mathematical models analyzed, the release of hesperetin from the liposomes was found to adhere to the Rigter–Peppas model of drug release as it has the highest value of correlation coefficient [69].



In agreement with the above-cited literature and the results obtained from our study, it could be concluded that the release of silver nanoparticles from the liposomes follows the Higuchi model of drug release as there is the highest value of correlation coefficient. As the drug release is fitted to the Higuchi model, it could be considered that the drug release is through diffusion. From the results of the Korsmeyer–Peppas model, it is considered that the drug release is based on anomalous non-Fickian transport.





4. Conclusions


Herein, we have demonstrated the in vitro drug release analysis of the silver nanoparticle-loaded liposome hybrids, which was performed by using the dialysis bag method. To prepare the hybrids, pristine silver nanoparticles were synthesized using an eco-friendly plant extract-based method in which T. pallida leaf extract was used as a reducing agent. On the other hand, the silver nanoparticle and liposome hybrids were prepared by using the thin-film hydration method coupled with sonication. Detailed analysis of the sample has revealed that the prepared silver nanoparticle-encapsulated liposome hybrids were highly stable, and polydisperse with less aggregation of nanoparticles. These hybrids exerted targeted delivery of bioactive silver to the cancer cells because of their smaller size. Furthermore, the in vitro drug release studies validated the controlled and targeted delivery of silver nanoparticles by liposomes to the cancer cells. To further validate, the in vitro drug release profile was also fitted in five different mathematical models and evaluated using correlation coefficient r2. The mathematical models of drug release kinetics have revealed that the release exponent (n) of the samples at different pH was recorded between 0.66 to 0.82, which strongly points towards a drug release mechanism that follows a non-Fickian diffusion method. This type of drug release mechanism is typically followed by the majority of drug delivery systems comprising liposomes. Particularly, the Korsmeyer–Peppas model used in this study has been established as the most effective model to evaluate liposome-based drug delivery systems, which provide crucial information on the release mechanism from the carrier. Moreover, this method requires fewer controls, unlike the zero-order approximation.
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Scheme 1. Schematic representation of the green synthesized silver nanoparticle-loaded liposomes and their in vitro drug release analysis using various mathematical models. 
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Figure 1. (a) UV–visible, and (b) XRD analysis of silver nanoparticles. 
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Figure 2. Encapsulation efficiency of silver nanoparticle-loaded liposomes. 
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Figure 3. (a) Particle size of the silver nanoparticle-loaded liposome, and (b) zeta potential of the silver nanoparticle loaded liposome. 
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Figure 4. FESEM image of (a) silver nanoparticles and (b) silver nanoparticle-loaded liposomes. 
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Figure 5. (a) FTIR spectrum of blank liposomes (lecithin and cholesterol), and (b) FTIR spectrum of silver nanoparticle-loaded liposomes. 






Figure 5. (a) FTIR spectrum of blank liposomes (lecithin and cholesterol), and (b) FTIR spectrum of silver nanoparticle-loaded liposomes.



[image: Biomedicines 11 00217 g005]







[image: Biomedicines 11 00217 g006 550] 





Figure 6. In vitro drug release profile of silver nanoparticle-loaded liposomes (the values are represented as ±SD for triplicates in each category). 
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Figure 7. (a) Zero-order release kinetics for pH 5.5, (b) zero-order release kinetics for pH 6.8, and (c) zero-order release kinetics for pH 7.4. 
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Figure 8. (a) First order release kinetics for pH 5.5, (b) first order release kinetics for pH 6.8, and (c) first order release kinetics for pH 7.4. 
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Figure 9. (a) Higuchi drug release kinetics for pH 5.5, (b) Higuchi drug release kinetics for pH 6.8, and (c) Higuchi drug release kinetics for pH 7.4. 
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Figure 10. (a) Korsmeyer–Peppas drug release kinetics for pH 5.5, (b) Korsmeyer–Peppas drug release kinetics for pH 6.8, and (c) Korsmeyer–Peppas drug release kinetics for pH 7.4. 
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Figure 11. (a) Hixson–Crowell drug release kinetics for pH 5.5, (b) Hixson–Crowell drug release kinetics for pH 6.8, and (c) Hixson–Crowell drug release kinetics for pH 7.4. 
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Table 1. The drug transport mechanism for different values of release exponent (n).
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	Release Exponent (n)
	Drug Transport Mechanism





	n < 0.5
	Quasi-Fickian diffusion



	0.5
	Fickian diffusion



	0.5 < n < 1. 0
	Anomalous (Non-Fickian transport)



	1.0
	Case II transport



	Higher than1.0
	Super case II transport
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Table 2. Drug transport mechanism for various pH (pH 5.5, pH 6.8, and pH 7.4).
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pH

	
Equation

	
Release Exponent (n)

	
Drug Transport Mechanism






	
5.5

	
y = 0.821x + 0.551

	
0.821

	
Non-Fickian Transport




	
6.8

	
y = 0.666x + 0.241

	
0.666




	
7.4

	
y = 0.726x + 0.093

	
0.726
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Table 3. Results of Various mathematical models in terms of r2, slope, and intercept.
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Name of the Mathematical Model

	
pH 5.5

(Mature Endosomes of Cancer Cells)

	
pH 6.8

(Cancer Cells)

	
pH 7.4

(Blood)




	
R2

	
Equation

	
Slope

	
Intercept

	
R2

	
Equation

	
Slope

	
Intercept

	
R2

	
Equation

	
slope

	
Intercept






	
Zero-order

	
0.816

	
y = 0.884x + 17.47

	
0.8845

	
17.474

	
0.823

	
y = 0.276x + 5.06

	
0.2762

	
5.065

	
0.848

	
y = 0.270x + 3.754

	
0.2705

	
3.755




	
First-order

	
0.932

	
y = −0.007x + 1.92

	
−0.0072

	
1.923798

	
0.848

	
y = −0.001x + 1.97

	
−0.0013

	
1.977

	
0.869

	
y = −0.001x + 1.98

	
−0.0013

	
1.983




	
Higuchi

	
0.965

	
y = 8.687x + 3.673

	
8.6876

	
3.673744

	
0.967

	
y = 2.703x + 0.789

	
2.7038

	
0.789104

	
0.966

	
y = 2.608x − 0.283

	
2.6087

	
−0.28379




	
Korsmeyer–Peppas

	
0.780

	
y = 0.821x + 0.551

	
0.8219

	
0.551602

	
0.911

	
y = 0.666x + 0.241

	
0.6663

	
0.241776

	
0.951

	
y = 0.726x + 0.093

	
0.7259

	
0.093642




	
Hixson–Crowell

	
0.899

	
y = 0.020x + 0.276

	
0.0206

	
0.276325

	
0.840

	
y = 0.004x + 0.079

	
0.0046

	
0.079622

	
0.862

	
y = 0.004x + 0.058

	
0.0045

	
0.058526
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