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Abstract

:

Protein-based particles are one of the most important research topics in nanomedicine, being used especially as drug delivery systems. From the wide variety of proteins, albumins offer several advantages in biomedical applications due to their special properties. Albumin nanoparticles play an important role as carriers in the drug delivery of chemical and biomolecular drugs, such as anticancer drugs; offer many advantages, such as biocompatibility and biodegradability; and are well-tolerated, without any side effects. In this work, various types of bovine serum albumin nanoparticles (BSA NPs), with or without ascorbic acid or glucose, were prepared via different nanoprecipitation methods. The obtained BSA NPs were characterized by UV–Vis absorption spectroscopy. Their size and morphology were studied by Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM). The stability in time of the developed BSA NPs was spectrally monitored. Three types of bio-entities containing BSA NPs and chlorophyll-labeled artificial cell membranes were “green” developed. The designed biohybrids were characterized by UV–Vis absorption and fluorescence emission spectroscopy, and their three-dimensional topography was investigated by AFM. Both the size and shape of the developed bio-entities were monitored through SEM analysis. These results could be exploited in the development of novel drug carrier systems or as bio-coatings to be used in the biomedical field.
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1. Introduction


Serum albumin, the most abundant plasma protein, is used more and more in direct clinical applications, such as maintaining blood homeostasis [1,2], and can be used as a biomarker for kidney and liver diseases [3].



A very current direction in biomedical research is the synthesis of bio-conjugates and assemblies based on albumin that can be used as additives and versatile bio-functional carriers in different applications [4]. The physical–chemical stability and biochemical inertia of the albumin molecule, as well as the fact that it has specific binding sites for numerous endogenous and exogenous therapeutic compounds [5,6,7], recommend this protein to be used as a drug carrier, including the management of some tumor problems [8]. The stability and biochemical inertia of albumin allow for the modification of the surface and the covering of the albumin molecule with various substrates [4,9], resulting in functionalized hybrid structures, used in biomedical applications. The functional characteristics of the albumin molecule depend, to a large extent, on factors such as temperature, pH, various solvents or ligands [10,11].



The literature abounds in information on the development of drug delivery systems, such as dendrimers [12], liposomes [13], nanoparticles [14], carbon nanotubes [15] or quantum dots [16]. Among these, the nanoparticles (NPs) protect the therapeutic agents from degradation and mediate the penetration of the cell membranes by these active principles [17,18]. In order for the drug–cell interaction to be effective, a delivery is required, which ensures a certain concentration of drug for a certain period of time. Formulations such as albumin nanoparticles aim to improve the permeation and retention effect (EPR effect) so that targeted delivery and retention of anticancer compounds in the target tissue is achieved [19]. The size and physicochemical properties of albumin nanoparticles are essential for them to achieve the EPR effect. BSA has more than 40 kDa and a very long half-life (~20 days) in the bloodstream [20]. BSA NPs have sizes in the range of 100–200 nm, and this is considered optimal for achieving EPR.



The advantage of using albumin NPs in clinical applications lies in the properties of albumin, such as biodegradability, very low toxicity and immunogenicity, and also easy preparation in a reproducible manner [21]. As in the case of all NPs, the physicochemical properties, shape, dimensions and degree of coverage greatly influence the degree of drug release at the cellular level.



Methods for the preparation of protein NPs, including serum protein NPs, can be classified into several categories, the most common of which are chemical, physical and self-assembly methods (e.g., dissolution method) [22,23,24]. The chemical method allows the production of protein NPs through the use of a chemical reaction (e.g., emulsion and complex coacervation). The advantages of this method include cost effectiveness, high versatility in surface chemistry, stability and encapsulation efficiency, easy functionalization, size controllability, thermal stability and reduced dispersity. The particles obtained from using the chemical method are larger than those that result from the desolvation method, but it also presents other disadvantages, such as low purity, thermodynamic instability and the use of toxic chemicals and organic solvents. The physical method includes physically aggregating after separating proteins into nanosized particles (e.g., electrospray technique and nano-spray drying methods). Using this method has the following advantages: time efficiency; obtainment of stable particles; control of particle size, shape and morphology; and no use of toxic chemicals. Instead, this method comes with a set of disadvantages, such as a high cost, exposure to radiation and the altered surface chemistry and physicochemical properties of nanoparticles. On the other hand, the self-assembly approach allows the synthesis of nanoparticles by self-agglutinating proteins.



Desolvation, also known as the antisolvent precipitation method, is based on solvent displacement in protein solutions, which leads to protein self-assembly and particle formation (Figure 1). This method is one of the most used and simple approaches for the fabrication of albumin NPs. NPs are obtained when a desolvating agent (usually acetone, alcohols or acetonitrile) is added with a constant rate of dripping to an aqueous solution of protein under constant stirring, using a magnet, to dehydrate the protein, resulting in conformational change from stretched to coil conformation. A very important parameter in this method to obtain favorable size of NPs is the constant maintenance of the flow rate and the volume of the added desolvating agent. The next important step after the formation of NPs, after adding the desolvating agent, consists of increasing their stability. This step is achieved by using a crosslinker agent [21]. The prepared suspension is kept under continuous stirring with the aim to complete crosslinking of all amino acid residues in the protein [25]. As a result of this process, the nanoparticles need to be purified by removing the supernatant to obtain the protein particles. The nanoparticles’ suspension is purified by using three cycles of centrifugation for 10–20 min to remove the unreacted albumins, desolvating agent and the excess crosslinking agent. The disadvantages of this method include the limited availability and high cost of materials, as well as the fact that it can be applied only for proteins that can be minimally affected by the dissolution process. However, it presents very important benefits, such as a simple procedure, high stability and encapsulation efficiency, and the formation of small NPs.



In order to chemically attach the specific functional groups on protein without significantly alteration of their structures and complexes, crosslinking agents are used. These agents are molecules that contain two or more reactive ends which are capable of chemically attaching to specific functional groups on protein [26]. They play an important role in the nanoparticle preparation for the crosslinking and stabilization of derived NPs. One of the most used crosslinkers is glutaraldehyde, but it is well-known that it has undesirable effects on human health. Other crosslinking agents used so far are tannic acid [27], ascorbic acid [28], citric acid [29], sorbitol [30] and glucose [21]. They can influence the bio-decomposability of the drug and its release from the nanocarriers’ system. The study carried out by Amighi et al. (2020) [31] on the effect of different crosslinking agents (e.g., glucose, vitamin C, tannic acid, sorbitol and citric acid) on the preparation of bovine serum albumin nanoparticles (BSA NPs) supports the idea that using glucose as a crosslinking agent can be an appropriate alternative to using toxic glutaraldehyde.



Albumin nanoparticles play an important role as carriers in the drug delivery of chemical and biomolecular drugs, such as anticancer drugs, and offer many advantages, such as biocompatibility, biodegradability and being well-tolerated, without any side effects [32]. Due to the various albumin receptors that are overexpressed in many cancer cells, the conjugation of a targeted ligand to albumin-based NPs could increase specific nanoparticle uptake into cancer cells [33]. The anticancer activity of some drugs can be improved by using drug formulas loaded in albumin nanoparticles. They selectively target and accumulate in cancer cells [32,34]. Moreover, due to the functional residues on the surfaces of the albumin nanoparticles, different fragments can be introduced into them that give them additional functionalities [34]. In the NPs synthesis, human serum albumin (HSA) and bovine serum albumin (BSA) are the most commonly used [33].



BSA is the most abundant plasma protein in bovine blood circulation. BSA has three homologous domains (I-III) and two tryptophan (Trp) residues, i.e., Trp134, which is located on the BSA surface, and Trp213 residue, which is located in a hydrophobic pocket of the protein [35,36]. BSA is the most used protein in drug–protein interaction studies and is a model protein in clinical medicine due to its structural homology to HSA and because it is cheaper and much more stable than HSA [37].



Albumin’s ability to interact with proteins and albumin-binding membrane receptors (e.g., gp60 receptor) is the basis of the process of its internalization by cells [38,39], as well as of its accumulation in tumor cells [40]. For this reason, albumin-based delivery systems are used to deliver drugs to tumor tissues and to accumulate hydrophobic drugs at their site of action [39], without using toxic solvents or surfactants. BSA NPs were used in erythrocyte membranes as drug transporters without the risk of erythrocyte hemolysis [41]. A direction that is increasingly exploited in recent years is the functionalization of liposomal membranes with albumin-based systems in order to use them as carriers of anticancer drugs and active molecules with low water solubility [42].



Peng et al. [43] demonstrated that the albumin corona enhances the biostability of NP-based drug delivery systems, extending the circulation time of NPs. Wei and Ba [44] developed a liposome–curcumin–albumin conjugate with an enhanced bio-performance, e.g., enhanced stability, nontoxicity, long-circulating delivery, low phagocytosis and slow drug release. The albumin component contributes to the enhancement of the biostability of these drug delivery systems. A recent review also points out the role of proteins (albumin, gelatin, silk fibroin, etc.) used as liposome coatings to improve the stability, the long blood retention of the active compounds and a high capacity of controlled targeting [45].



Considering these aspects, the aim of this study was to assess BSA NPs for use as a drug delivery system. In this paper, the properties of BSA, preparation techniques of BSA NPs and their applications as carriers for therapeutic drugs are discussed. For the first time, a bottom-up strategy to build up supramolecular bio-entities through self-assembling albumin nanoparticles and biomimetic membranes labeled with chlorophyll a (Chla) is presented. Liposomes are lipid vesicles consisting of one or more phospholipid bilayers entrapping aqueous media. Their membranes are very similar to biological ones, and this is one of the reasons, along with biocompatibility and nontoxicity, for their use in the biomedical field. Liposomes were successfully used in site-specific targeting in anticancer therapy [46]. In this study, Chla loaded in the biomimetic membranes was used as a spectral biosensor to investigate the biohybrids. Recent studies [47,48] reported the use of Chla–liposomes in the development of nanomaterials with interesting properties that can be exploited in the biomedical field. The presented method to design novel bio-entities consisting of protein particles and bio-inspired lipid membranes could be used as a strategy to develop new protein-based drug carriers.




2. Materials and Methods


Materials. Bovine serum albumin (BSA, 66 kDa) and Phosphate-Buffered Saline (PBS) tablets were purchased from Fisher Scientific (Loughborough, UK). Ascorbic acid (vitamin C, 176.12 Da), glucose (180.15 Da), ethanol (EtOH, 46.07 Da, ≥99.8%) and chloroform (CHCl3, 119.38 g/mol; ≥99.9%) were purchased from Merck Company (Darmstadt, Germany). Soybean lecithin (≥97%) was supplied by Carl Roth (Karlsruhe, Germany). Chlorophyll a (Chla) was extracted in-house from fresh leaves of Spinacia oleracea, as previously described [49].



Preparation of albumin nanoparticles. The desolvation method that we adapted does not involve the use of salts in the preparation of nanoparticles. We chose distilled water precisely to avoid the salting-out and sugaring-out effects. The first step in the development of BSA NPs was the preparation of 12 mL of BSA solution (200 mg/mL) in distilled water. The solution was brought to pH 9 by adding concentrated sodium hydroxide solution (NaOH). Only one-third of this BSA solution was used for the preparation of BSA NPs with acetone, and the other two-thirds were used for the preparation of BSA NPs with ethanol (using vitamin C and glucose as reticulation agents) by employing the desolvation method. The use of glucose offers many advantages, such as low toxicity, long-term stability, biocompatibility and easily assimilation into the body. Santos-Rebelo et al. demonstrated that BSA–glucose formed a very stable complex [50]. On the other hand, sugar ligand molecules such as glucose can bind to drug delivery systems, making them targeted [51]. The property of vitamin C and glucose to crosslink chitosan was used in elaboration of a versatile platform for drug delivery [52].



The schematic representation of the preparation of albumin particles by desolvation is displayed in Figure 2. The samples obtained are noted as follows: BSA NPs(1)—NPs produced by the acetone method, without crosslinking agent; BSA NPs(2)—NPs produced by the ethanol method, without crosslinking agent; BSA NPs(3)—NPs produced by the ethanol method, with glucose as crosslinking agent; and BSA NPs(4)—NPs produced by the ethanol method, with vitamin C as crosslinking agent.



Two types of desolvating agents were used: acetone and ethanol. As compared to BSA NPs obtained by acetone (named BSA NPs(1)), BSA NPs obtained by the EtOH method (named BSA NPs(2)) proved to be more stable in time (see Section 3.1); therefore, these particles were further used in the following experiments related to the use of the eco-friendly crosslinkers: ascorbic acid (vitamin C) and glucose. The linking of these crosslinkers to BSA NPs was carried out under continuous stirring (550 rpm, CRS 15X CAPP, Denmark) at room temperature (RT).



Preparation of albumin particles using the acetone method. Over the BSA stock solution, a volume of 8 mL of acetone (as desolvating agent) was added dropwise (1 mL/min) at room temperature (25 °C), under continuous stirring (550 rpm, CRS 15X CAPP, Region Syddanmark, Denmark), until the solution became cloudy. The nanoparticles thus obtained were subjected to centrifugation three times (15,000× g, for 10 min) with a SIGMA 2–16 K centrifuge (SciQuip Ltd., Merrington, Shrewsbury Shropshire SY4 3QJ UK, Newtown, UK). Each centrifugation step was followed by resuspension of the pellet in the same volume of distilled water as the removed supernatant, under ultrasound treatment (ultrasound systems: Hielscher UP 100H, GmbH, 14513 Teltow, Germany; BRANSON 1210, Marshall Scientific, Hampton, NH, USA).



Preparation of albumin particles using ethanol method. To obtain BSA NPs via the desolvation method, using EtOH as the desolvating agent [25], the BSA stock solution was continuously stirred (550 rpm, CRS 15X CAPP, Odense, Denmark) at room temperature (25 °C), and a volume of 8 mL of pure EtOH 96% was added dropwise (1 mL/min), until the suspension became cloudy, acquiring a yellowish color. This suspension was centrifuged three times (10,000× g, for 10 min), and each centrifugation was followed by ultrasonication, alternatively: in an ultrasound bath (BRANSON 1210, Marshall Scientific, Hampton, NH, USA) for 5 min, and then with Ti probe (Hielscher UP 100H, GmbH, 14513 Teltow, Germany) for 5 min. After each centrifugation step, the suspension was resuspended in the same volume of distilled water, with the obtained BSA NPs showing as in Figure 3 after each centrifugation step.



The resulting BSA NPs suspension obtained by the ethanol method was divided into 2 equal parts. To each half of the BSA NPs suspension, a volume of 350 μL of 8% (w/w) crosslinker agent (glucose or vitamin C) aqueous solution was added, under continuous stirring for 12 h at room temperature (RT), resulting in the samples named BSA NPs(3) and BSA NPs(4), respectively [21,31].



Preparation of artificial cell membranes labeled with Chla. Artificial cell membranes loaded with Chla were obtained by the thin-film hydration method, as previously described [53,54]. Briefly, soybean lecithin and Chla were co-dissolved in chloroform, in a mole ratio of 100:1. After solvent evaporation, the obtained thin lipid film was hydrated with a simulating biological fluid phosphate-buffered saline solution (PBS, KH2PO4/Na2HPO4/NaCl, pH 7.4), and then the suspension was vigorously mechanical stirred (VIBRAX stirrer—Milian USA, OHIO 43230 USA, 200 rpm, ~40 min), resulting in multilamellar lipid vesicles (MLVs). The experiments were carried out in the dark, at a working temperature above the critical temperature of the phase transition of lipids (41 °C), resulting in biomimetic membranes in the liquid crystal state.



Bottom-up “green” design of biohybrids. Three types of hybrid bio-entities BSA NPs/liposomes were prepared with the following volumetric ratios of BSA NPs: liposomes of 1:29 ((BSA NPs(3)-1)), 1:9 ((BSA NPs(3)-2)) and 1:2 (v/v) ((BSA NPs(3)-3)), through the self-assembly strategy, using strong stirring (1500 rpm, Vortex Fisher Scientific) for 15 min, with breaks.



Scanning electron microscopy (SEM). The morphology of the fabricated samples was investigated using a Zeiss Gemini SEM 500 field-emission scanning electron microscope (FESEM). The SEM images were acquired at an accelerating voltage of 1.5 kV and 2.5 kV, a working distance of 2 mm and a magnification of 10,000× and 20,000×, Respectively.



Atomic Force microscopy (AFM). Three-dimensional topography and phase-contrast images were obtained by means of SPM-NTegra Prima AFM (NT-MDT), operated in semi-contact mode, using an NSG 01 cantilever (resonance frequency, 87–230 kHz; force constant, 1.45–15.1 N/m). Samples were deposited on freshly cleaved mica and dried at room temperature.



UV–Vis absorption spectroscopy. The UV–Vis absorption spectra were recorded on a double-beam Perkin Elmer Lambda 750 UV–Vis spectrophotometer (Waltham, MA 02451, USA), at room temperature, in the wavelength range of 200–800 nm and at a scan speed of 1 nm/s.



Fluorescence spectroscopy. The fluorescence emission spectra of Chla–liposomes and their biohybrids with BSA NPs were recorded on a Perkin Elmer LS55 spectrophotometer (Waltham, MA 02451, USA) (by excitation at 430 nm). Chla is a natural porphyrin with intense absorption in the blue region (Soret band, 410–430 nm) and in the red region of electromagnetic spectrum. By exciting the Chla samples in blue, at 430 nm, an intense and sharp emission peak can be observed [55]. The scan speed was 500 nm/min, and the slit widths for the excitation and emission monochromators were 7.0 nm and 5.0 nm, respectively.




3. Results and Discussion


After their fabrication, we studied the influence of the process parameters on BSA NPs’ formulation. The BSA NPs were characterized by UV–Vis absorption spectroscopy and SEM in order to investigate the stability and the morphological aspects of the obtained albumin NPs.



3.1. Characterization of Nanoparticles by UV–Vis Absorption Spectroscopy


The spectral fingerprint of Trp from the protein (280 nm) was modified in the NPs samples (Figure 4A). The UV–visible spectral profile of BSA NPs is comparable to those reported in the literature for these NPs [56]. The UV–visible spectral profiles of pure BSA, glucose, vitamin C and BSA NPs (without and with crosslinking agents) were found to be significantly different when a spectral scan was evaluated between 200 and 400 nm.



As is known, larger particles scatter light more, so the baselines of the spectra are positioned at a higher height than in the case of the spectra of smaller particles. As observed in Figure 4A, according to the baseline height which is related to light scattering, it is expected that the BSA NPs mean size increases as follows: size (BSA NPs(2)) < size (BSA NPs(3)) < size (BSA NPs(1)) < size (BSA NPs(4)). A similar trend has been obtained by Amighi et al. [31]. These assumptions were further confirmed by SEM analysis. BSA NPs prepared by desolvation were monitored to determine stability over time. The absorbance of the nanoparticles at 280 nm was recorded over 30 days, and the collected data are represented in Figure 4B. After 30 days, the absorbance of BSA NPs samples reached 28% for BSA NPs(1) and BSA NPs(2), 32.4% for BSA NPs(3), and 8.4% for BSA NPs(4). Therefore, in the following experiments on BSA NPs/liposome bio-entities, we chose BSA NPs(3) as the samples of interest. All types of NPs showed similar stability in time, except for the BSA NPs(4).



Liposomes have been proposed and even used in the clinic in various applications, from vaccine-like formulations, drug delivery, treatment of infections and skin conditions, to cancer treatment [57]. The biohybrids obtained and characterized in this study come as a necessity to innovate and streamline the production of liposomes. The presence of biomimetic membranes increases the cellular uptake of BSA formulations. Moreover, this lipid coat improves the loading of hydrophobic drugs.




3.2. Characterization of Albumin Nanoparticles by SEM


The morphological properties of the surface were displayed by SEM analysis in order to confirm the formation of BSA NPs and to observe their shape. The BSA NPs(1) (Figure 5) generated particles that were polydispersed (non-uniformly distributed), with diameters ranging from the nano- and microscale. On the contrary, the ethanol method generated more homogenous populations of protein particles that were spherical in shape and nanosized (BSA NPs(2)) (Figure 5B).



BSA NPs from the samples without crosslinking agent (Figure 5A), as well as from those in which the crosslinking agent was glucose (Figure 5C), and vitamin C, respectively (Figure 5D), showed that the average size of BSA NPs was ≈170 nm for simple nanoparticles, ≈200 nm for the nanoparticles prepared with glucose and larger for those prepared with ascorbic acid. The SEM analysis also revealed that the protein particles obtained by EtOH desolvation presented spherical shapes, and they are smaller in size compared to those from the acetone desolvation method (Figure 5). Similar results were obtained in a previous report [31].



The particle size distribution based on the SEM results was analyzed and emphasized as histograms for the sample with BSA NPs(2) without a reticulation agent, and for the sample with BSA NPs(3) with glucose as a reticulation agent. The particle size distribution for the two samples was evaluated using ImageJ software on the SEM images.



Corroborating the results from the UV–Vis absorption spectroscopy and SEM analysis, in our studies, we further used the BSA NPs(2), BSA NPs(3), andBSA NPs(4) (generated by EtOH method), because this method gives rise to nanosized particles as compared to the acetone desolvation method (BSA NPs(1)). On the other hand, in other experiments leaded by us, we went further in studies with glucose as the reticulating agent since it produced nanoparticles smaller in size as compared to those produced with ascorbic acid. These findings are similar to those obtained by Amighi et al. [31] and Santos-Rebelo et al. [50].




3.3. Characterization of BSA NPs/Liposomes Bio-Entities


Taking into account the obtained results, we will further use BSA NPs(3) (prepared with EtOH method) and linked with glucose, for the development of three types of biohybrids (see Section 2). The resulting BSA NPs/liposomes bio-nano-constructs were characterized by UV–Vis absorption and emission spectroscopy by exploiting the optical properties of Chla embedded in the bio-inspired membranes. Furthermore, the three-dimensional topography of biohybrids was investigated by AFM.



3.3.1. Spectral Characterization of Biohybrids


Chla was successfully used as a spectral marker for the liposome-based materials’ characterization, as reported in our previous studies [47,48,53,54]. The UV–Vis absorption spectra of BSA NPs/liposomes bio-entities (BSA NPs(3)-1, BSA NPs(3)-2 and BSA NPs(3)-3; see Figure 6A) displayed the spectral signatures of Trp at 280 nm, and of Chla at 670 nm and at 410–420 nm. The changes in the baseline position of each UV–Vis absorption spectrum were observed. A correlation with a particle size could be achieved in function of the baseline position. Thus, it could predict that the liposome size is greater than that of biohybrids.



The fluorescence emission spectra (Figure 6B) revealed the characteristic fluorescence emission peak of Chla at 670 nm. A fluorescence quenching occurred in the presence of BSA NPs due to the interaction between amino-acid residues (e.g., Trp and Tyr) in BSA NPs and Chla–liposomes, leading to a reorganization in the artificial lipid bilayers, a fact that was further demonstrated by AFM images, which detected a morphological change of the biomimetic membranes. Similar findings were obtained by Vavilin et al. [58], who observed Chl fluorescence quenching due to the Trp interaction. Another study suggests that pheophytin, a chlorophyll derivative, is able to interact with HSA by means of hydrogen bonds, resulting in a fluorescence quenching [59]. As can be seen from Figure 6, among the three bio-entities, the most suitable one is the BSA NPs(3)-3, since a more accentuated change of the spectral Vis signatures of the natural biosensor, Chla (Figure 6A), and a more pronounced Chla-fluorescence quenching were observed in this case (Figure 6B), indicating a better interaction between the components of this biohybrid. An important role in biohybrid formation can be attributed to the interaction between functional groups of amino acids in BSA NPs and polar head groups of lipid molecules in biomimetic membranes. Thus, the biohybrid BSA NPs(3)-3 will be used further in our studies.



Liposomes have been shown to increase the therapeutic efficacy of drugs such as doxorubicin (DOX) by improving its pharmacokinetic profile, increasing its circulation time and reducing its side effects [60]. As BSA is a commonly used protein-based drug carrier system for drug delivery, including DOX [61], we expect the biohybrids obtained and characterized in this study to be necessity to innovate and streamline the production of liposomes. The presence of biomimetic membranes increases the cellular uptake of BSA formulations. Moreover, this lipid coat improves the loading of hydrophobic drugs.




3.3.2. Morphological Characterization of BSA NPs and Their Bio-Entities


Furthermore, BSA NPs(3) (obtained by EtOH and glucose method) were investigated by AFM revealing the 3D profile (Figure 7). Using the semi-contact mode AFM, the characterization of individual particles and particle groups of BSA NPs (Figure 7A) deposited on a mica substrate was performed. BSA NPs(3) are spherical shaped, with a smooth surface, and their average diameter is ∼70 nm. No visible aggregates of free BSA molecules were evident, indicating that the preparation of BSA NPs(3) via the desolvation process was adequate. The particle size obtained from AFM was smaller than that from the SEM measurements. This may be due to different shrinkage results related to the interaction with the support with BSA NPs during the drying process for the AFM image (on mica substrate) and SEM (on Si substrate). Similar findings have also been reported in the literature [62,63].



To monitor the effect of BSA NPs on liposomes, the morphology of liposomes was first investigated. Among the three types of biohybrids, we chose to investigate the morphology of the sample BSA NPs(3)-3, because we considered that it has an optimal ratio to obtain BSA NPs:Liposomes hybrids, as indicated by fluorescence emission spectra (see Figure 6B).



Figure 7B shows that the spherical liposome was deformed on the mica surface, and a flattened vesicle was obtained. The vertical profile of the image shows that the liposome is 500 nm in height; the lipid vesicle interacts with the mica substrate, leading to a flattened structure, because the diameter of the multilamellar vesicles is greater than 500 nm, going up to 1000 nm [64].



The BSA NPs adsorbed on the surface of liposomes are visualized in Figure 8. The presence of BSA NPs leads to the aggregation of three lipid vesicles, as indicated in the vertical profile image. Presumably, the lipid vesicles are adsorbed on the mica support, and thus the liposome size in the presence of BSA NP dropped to ∼250 nm. Therefore, the multilamellar vesicles (>500 nm) shrink and turn into large unilamellar vesicles (>100 nm). The AFM results are well correlated with the spectral analysis.



Other morphological aspects of the obtained bio-entities are displayed in the SEM micrographs (Figure 8). Different interactions can be observed between the prepared systems and the substrate on which they were deposited. Thus, the bare liposomes showed a spherical or quasi-spherical shape (Figure 8, left), while aggregated multilayered ordered coatings were observed in the case of biohybrids (Figure 8, right). This behavior is due to the composition of biohybrid particles, as it involves specific interactions at the bio-interfaces between their components, and also between the biohybrids and the substrates. The SEM analysis correlates with the AFM results, where spherical liposomes were deformed on the mica surface and flattened vesicles were obtained. The difference in particle size obtained from the AFM and SEM analyses can be attributed to a combination of factors, including the shape of particles, the nature of the sample environment, the method of data analysis and the type of instrument used.



Nanoparticles with a size greater than 200 nm are typically considered to be in the microscale range, rather than the nanoscale range. This larger size may limit their ability to effectively penetrate certain biological barriers, such as cell membranes or the blood–brain barrier, which could potentially limit their usefulness as drug delivery systems. However, albumin particles with a size >200 nm have been used for biomedical applications. Thus, Karimi et al. [17] highlighted the role of albumin microspheres (1–3 μm diameter) as drug delivery vehicles into solid tumors, as well as the liver and kidney. In addition, the use of glucose and BSA, both with good biocompatibility and biodegradability, can lead to the faster degradation of NPs in biological environments. There are still potential ways in which these larger nanoparticles could be utilized for localized, targeted, or slow-release drug delivery. For example, in localized delivery, NPs could be designed to remain at the site of administration, rather than needing to travel throughout the body. This could be achieved through various methods, such as embedding the nanoparticles in a gel or using them in a patch or implant [65]. In targeted delivery, while larger NPs may have limited ability to passively diffuse into tissues, they may still be able to actively target specific cells or tissues. This could be achieved through various targeting strategies, such as adding a ligand to the nanoparticle surface that binds specifically to a cell surface receptor [66]. In slow-release delivery, larger NPs may have a larger surface area available for drug loading, allowing for a higher drug payload. This could be beneficial for drugs that require a slow and sustained release over time [67]. Overall, while nanoparticles greater than 200 nm may have limitations for drug delivery compared to smaller nanoparticles, there are still potential strategies that could be used to make them effective drug delivery systems.






4. Conclusions


This paper reported, for the first time, a bio-strategy to design albumin-based soft materials; this is a very promising approach, as it ensures that BSA NPs have certain features prior to loading with the drug. A simple preparation method (using ethanol) of BSA NPs with and without vitamin C or glucose as an eco-friendly crosslinking agent was used. The morphological characterization of the prepared protein particles confirmed the formation of BSA NPs with spherical and (quasi)spherical shapes. The stability in time of the obtained BSA NPs was demonstrated by UV–Vis absorption and emission spectroscopy.



The addition of artificial cell membranes to the BSA NPs resulted in the development of bio-entities with modified size and morphological aspects as compared to each individual component. The insight into the formation of these biohybrids was also provided by the spectral signature of Chla on fluorescence emission and UV–Vis absorption spectra.



The biomimetic membranes coated with BSA NPs layer presented nano-scale size and a (quasi)spherical morphology. The lipid coating of albumin nanoparticles could be a useful strategy to build effective drug delivery nanosystems, which can simultaneously perform two important functions: (i) improvement of cellular uptake (due to the lipid coat) and (ii) opsonization avoiding (due to BSA NPs).



The obtained bio-entities constitute, therefore, the building blocks for the development of novel multifunctional drug carriers with applications in the biomedical field. Moreover, the obtained biohybrids could be used as bio-coatings to increase the biocompatibility of various nanocarriers. These studies will be continued to develop new protein nanosystems that will be more stable over time and which could incorporate various therapeutic agents.
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Figure 1. Schematic diagram of the desolvation method for preparing protein nanoparticles. 
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Figure 2. Schematic representation of the preparation of albumin particles at room temperature (RT), using acetone (BSA NPs(1)) or EtOH (BSA NPs(2)) as desolvating agents [31]. Two types of eco-friendly crosslinkers were used: glucose (BSA NPs(3)) and ascorbic acid (vitamin C) (BSA NPs(4)). After preparation, the stability evaluation and spectral and morphological characterization were performed. 
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Figure 3. Visualization of bovine serum albumin nanoparticles obtained by the desolvation method, using ethanol as a desolvating agent (BSA NPS(2)): (a) the first centrifugation, (b) the second centrifugation and (c) the third centrifugation. 
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Figure 4. (A) UV–Vis spectra of glucose, vitamin C, BSA and all BSA NPs (1)–(4) obtained by the acetone and ethanol methods. (B) Time monitoring of the stability of BSA NPs obtained by the desolvating method. 
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Figure 5. SEM micrographs of the BSA NPs(1) (A), BSA NPs(2) (B), BSA NPs(3) (C) and BSA NPs(4) (D); size distribution for BSA NPs(3) (E); and size distribution for BSA NPs(2) (F). 
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Figure 6. The UV–Vis absorption (A) and fluorescence emission spectra (B) of Chla–liposomes (green line, ▬) and of biohybrids BSA NPs: BSA NPs(3)-1 (red line, ▬), BSA NPs(3)-2 (blue line, ▬) and BSA NPs(3)-3 (magenta line, ▬) (v/v). 
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Figure 7. Three-dimensional AFM images (left) and the profiles (right) of BSA NPs(3) (A), liposomes (B) and BSA NPs(3)-3 (C). Samples were deposited on the mica substrate. 
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Figure 8. The SEM micrographs of liposomes (left) and biohybrids BSA NPs—liposomes (right) at the magnification of 20,000×. The samples were deposited on Si substrates. 
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