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Abstract


The efficient oral delivery of therapeutic proteins and peptides poses a tremendous challenge due to their inherent instability, large molecular size, and susceptibility to enzymatic degradation. Several nanocarrier systems, such as liposomes, solid lipid nanoparticles, and polymeric nanoparticles, have been explored to overcome these problems. Liposomes and other lipid-based nanocarriers show excellent biocompatibility and the ability to encapsulate hydrophobic and hydrophilic drugs; however, they often suffer from poor structural stability, premature leakage of the loaded drugs, and poor encapsulation efficiency for macromolecular peptides and proteins. On the other hand, polymeric nanoparticles are more stable and allow better control over drug release; nevertheless, they usually lack the necessary biocompatibility and cellular uptake efficiency. Recently, lipid-polymer hybrid nanoparticles (LPHNs) have emerged as an advanced solution combining the structural stability of polymers and the biocompatibility and surface functionalities of lipids to enhance the controlled release, stability, and bioavailability of protein and peptide drugs. In this review, an attempt was made to set a clear definition of the LPHNs and extend the concept and area, so to our knowledge, this is the first review that highlights six categories of the LPHNs based on their anatomy. Moreover, this review offers a detailed analysis of LPHN preparation methods, including conventional and nonconventional one-step and two-step processes, nanoprecipitation, microfluidic mixing, and emulsification methods. Moreover, the material attributes and critical process parameters affecting the output of the preparation methods were illustrated with supporting examples to enable researchers to select the suitable preparation method, excipients, and parameters to be manipulated to get the LPHNs with the predetermined quality. The number of reviews focusing on the formulation of peptide/protein pharmaceutics usually focus on a specific drug like insulin. To our knowledge, this is the first review that generally discusses LPHN-based delivery of biopharmaceuticals. by discussing representative examples of previous reports comparing them to a variety of nanocarrier systems to show the potentiality of the LPHNs to deliver peptides and proteins. Moreover, some ideas and suggestions were proposed by the authors to tackle some of the shortcomings highlighted in these studies. By presenting this comprehensive overview of LPHN preparation strategies and critically analyzing literature studies on this topic and pointing out their strong and weak points, this review has shown the gaps and enlightened avenues for future research.
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1. Introduction


Pharmaceutical nanotechnology is a wide umbrella that encompasses multifaceted delivery systems ranging from 10 nm to less than 1 µm and more conveniently from 50 to 500 nm for delivery of active pharmaceutical ingredients (APIs) [1,2]. These nanocarriers can help to enhance the bioavailability of poorly available APIs by improving their dissolution rate and intestinal absorption and prolonging their systemic circulation [3,4,5,6,7]. Numerous categories and classes of nanoparticles have appeared in the literature. They could be classified as nanospheres and nanocapsules based on the distribution of the API in the delivery system [8]. However, based on their structural components and other physicochemical characteristics, nanoparticles are more commonly categorized as micelles, liposomes, lipid nanoemulsions, solid lipid nanoparticles (SLNs), nanostructured lipid carriers (NLCs), lipid nanoparticles (LNPs), spongosomes, cubosomes, dendrimers, spanlastics, bilosomes, polymeric nanoparticles (PNs), nanotubes, metal nanoparticles, and lipid-polymer hybrid nanoparticles (LPHNs) [9,10,11,12,13,14,15].



Lipid-based nanocarriers such as liposomes, SLNs, NLCs, and LNPs have been extensively studied as candidates for the delivery of biopharmaceuticals. Their biodegradability, biocompatibility, and improved cellular uptake supported their application for the delivery of hydrophilic and lipophilic macromolecular drugs [5,10,16,17,18,19,20,21]. However, they still face several challenges. For instance, liposomes and LNPs have low encapsulation efficiency for very hydrophobic and macromolecular drugs, while SLNs and NLCs cannot encapsulate hydrophilic macromolecules. In addition, burst release, drug leakage, and instability issues can be attributed to all lipid-based carriers [5,21,22,23,24,25,26]. These are limiting factors that prevent their widespread application in the oral delivery of peptide/protein biopharmaceuticals. On the other hand, biodegradable polymeric nanoparticles have a high loading capacity for hydrophobic drugs and controlled drug release profiles that can be tailored by the selection of a particular polymer [10,12,27,28]. They can be prepared by relatively simple and scalable methods, and the rigid polymer matrix grants them greater stability compared to lipid-based carriers [20,29]. Several natural and synthetic polymers have been employed to prepare such carriers, and some of them, for example, poly(lactic-co-glycolic acid) (PLGA), polylactic acid (PLA), and poly(caprolactone) (PCL), have been introduced in some products approved by the FDA [30,31,32,33]. However, these polymeric nanocarriers also have demonstrated some limitations, such as polymer degradation, moderate circulation half-life, poor entrapment of hydrophilic molecules, potential biocompatibility concerns, and the utilization of toxic organic solvents in their preparation [19,25,34].



In recent decades, tremendous efforts have been made to eliminate or mitigate the intrinsic shortcomings of polymeric and lipid-based nanoparticles and promote their positive attributes, performance, and stability. One of the novel ideas is to assemble polymeric and lipid-based nanoparticles in one delivery system known as LPHNs or, alternatively, LipoParticles [12,25,28,35,36,37,38]. Such a hybrid approach aims to combine the advantages of both lipid and polymeric nanoparticles, hence offering a versatile and tunable platform for the delivery of a broad range of therapeutics, including peptide and protein drugs. Notably, LPHNs have demonstrated exceptional potential for delivery of biologics, particularly in the oral delivery of insulin [39,40,41].



Recent advances in LPHN design and the development of new materials and preparation techniques have expanded their potential for efficient delivery of macromolecular drugs. New polymer materials such as poly(β-amino esters) (PBAEs), poly(ethylene glycol)-block-poly(lactic acid) (PEG-b-PLA), poly(ethylene glycol)-block-poly(ε-caprolactone) (PEG-b-PCL), and modified chitosan derivatives have been engineered to enhance the encapsulation efficiency and stability of hydrophilic macromolecules such as peptides, proteins, and nucleic acids [42,43,44,45,46,47,48]. The availability of different types of polymers with a wide range of physicochemical properties offers greater flexibility in the rational design of the LPHN core–shell structure based on the properties of the encapsulated biopharmaceutical agent, allowing controlled nanoparticle formation and higher encapsulation efficiency. Moreover, surface modification with hydrophilic polymers and incorporation of permeation enhancers and/or P-glycoprotein (P-gp) inhibitors significantly improved transepithelial transport and bioavailability, especially in oral and mucosal administration routes [49,50,51,52]. Meanwhile, the continuous advancement in preparation methodology, such as microfluidic mixing methods, enabled greater control of particle size, uniformity, and batch-to-batch consistency and thus can enable scalable production [53,54]. Taken together, these advancements place LPHNs as a promising platform for the delivery of peptide/protein therapeutics.



Despite numerous studies reporting enhancement in oral bioavailability of peptide/protein drugs using LPHNs, the overall extent of absorption and absolute bioavailability is still suboptimal (less than 10% in most cases) and in need of significant improvements [40,55]. Each year, an increasing number of studies investigating the potential of LPHNs in peptide and protein delivery are being published, indicating a growing field of research. Therefore, a comprehensive review article summarizing and critically analyzing the existing literature on LPHNs for peptide and protein delivery would be highly valuable.



In this review, an attempt was made to set a clear definition of the LPHNs and extend the concept and area. This review will thoroughly discuss the conceiving of different types of LPHNs, firstly indicating six categories, to deliver biopharmaceuticals. Conventional and state-of-the-art preparation strategies (nanoprecipitation, microfluidic mixing, and emulsification methods) and the materials used will be shown along with representative examples. Material attributes and critical process parameters affecting the output of the preparation methods were illustrated with supporting examples to enable researchers to select the suitable preparation method, excipients, and parameters to be manipulated to get the LPHNs with the predetermined quality.



In addition, therapeutic applications through different routes of administration will be discussed. Finally, some gaps and challenges that offer potential opportunities for future studies will be highlighted. By structuring this knowledge into a unified framework, this review will serve as a foundational reference and practical guide for researchers and developers seeking to optimize LPHNs for the delivery of macromolecular therapeutics.




2. Methodology


A thorough literature search was conducted to identify relevant peer-reviewed articles focusing on LPHNs as delivery systems for peptide and protein therapeutics. The search was performed on different electronic databases, namely ScienceDirect, PubMed, Google Scholar, and Web of Science. The search strategy employed a combination of keywords and topic-specific terms such as “lipid-polymer hybrid nanoparticles”, “polymer-lipid hybrid nanoparticles”, “hybrid nanoparticles”, “lipomers”, “LPHNPs”, “peptide”, “protein”, “insulin”, and “lysozyme”, using Boolean operators to refine the results. The literature search covered publications until 31 December 2024. In addition, reference lists of relevant articles and reviews were also screened to identify additional studies.



The retrieved articles were then manually screened and included if they met the following inclusion criteria: (1) The article was published in a peer-reviewed journal in English language and (2) the article focused on LPHNs and the loaded drug was exclusively a peptide or protein drug. Studies about (1) non-hybrid nanosystems (e.g., solely lipidic or polymeric carriers), (2) hybrid systems other than lipid-polymer (e.g., polymer-inorganic NPs or protein-polymer hybrids), and (3) non-peptide or protein-type loadings (e.g., nucleic acids, small molecules, or anticancer drugs) were used only for comparative reasons. The notable increase in the number of publications and scientific studies over the past decade (from 1 January 2015 to 1 May 2025) well demonstrates the importance of this field (Figure 1).




3. Lipid-Polymer Hybrid Nanoparticles


LPHN delivery systems have been extensively studied and recognized as distinguished and promising new members of the nanotechnological drug delivery systems and demonstrated manifold advantageous features. LPHNs are capable of being loaded with both water-soluble and water-insoluble materials with high entrapment yields [6,21,56,57]. They also offered enhanced capability in combinatorial drug delivery through a variety of preparation strategies, for example, in cancer chemotherapy [38,58,59,60]. In addition, the pharmacokinetic behavior of such carriers and, consequently, of the loaded API could easily be manipulated by fine-tuning their physicochemical properties [7,61]. Furthermore, controlled release of a single API and multiple APIs in a step-wise manner was successfully achieved with these carriers [13,62,63]. Moreover, functionalizing the surface of these nanocarriers with a variety of targeting compounds enabled them to carry their cargo with high efficiency to the targeted tissue/s [24,64,65,66]. Compared to polymeric and lipid-based nanoparticles, LPHNs offer multiple advantages for peptide/protein delivery (Table 1). They govern a better stability profile against enzymatic degradation and demonstrate better stability both in vitro and in vivo with high structural integrity and highly controlled drug release ability, which are mainly attributed to their polymeric component [23,61,64]. For example, coating lipid-based nanoparticles with hydrophilic polymers improves the transmucosal delivery of the carrier and consequently of the entrapped API, which can be justified partly by the stability of the transporting system in contact with the mucosal membrane brought by the polymer component and also by the enhanced interaction of the polymeric component with the mucosal layer leading to prolonged absorption time [5,16,25]. On the other hand, the lipid component boosts the advantages of these hybrid particles by conferring higher biocompatibility, biomimetic properties, and pharmacological availability. In addition, when it is employed as an outer corona in the core–shell structure, the hydrophobic lipid layer acts as a fence against the leakage of entrapped drugs by decreasing the overall exchange of water molecules with the core and consequently reducing the diffusion rate and thus promoting the API entrapment and controlling the rate of release. Moreover, this molecular fence helps in creating a sustained release profile of the entrapped API by slowing down the degradation rate of the polymer due to limited inward water diffusion [3,25,26].



However, there is no consensus on the definition of the identity of LPHNs. Some authors define this type of nanoparticle as liposomes coated by a polymeric moiety. Also, they have been recognized as a polymer shielded with mono- or multiple layers of lipid in a core–shell structure. Both definitions appear to limit the scope of this class of nanocarriers, and this umbrella remains much wider than that [13,20,67,68]. In this review, an attempt was made to further extend the concept and area occupied by the hybrid nanocarriers to enclose a variety of the studied combinations. Therefore, LPHNs could be seen as a variety of conjugations between lipid-based carriers with polymeric excipients or carriers. These conjugations could be achieved through chemical covalent bonds or noncovalent intermolecular forces such as hydrogen bonding, electrostatic interactions, van der Waals forces, and/or hydrophobic interactions [6,37,69,70]. Since the former approach leads to a new compound that needs a complete regulatory process for clinical translation [71,72], it is less preferable from a commercial aspect. Thus, in this review, the focus will be devoted more to the latter approach.



As the members of the LPHNs are continuously increasing with multifaceted structures and biological performance, the classification of such nanocarriers into sub-categories would be crucial. Based on their anatomy, LPHNs could be split into four main sub-groups, namely lipid-core polymer-shell (LC-PS), polymer-core lipid-shell (PC-LS), self-emulsifying LPHNs (SE-LPHNs), and matrix-structure LPHNs (M-LPHNs) (Figure 2A–E) [11,16,61,62,70,73]. A new generation of LPHNs called cell-based biomimetic LPHNs, which embraces cell membrane-biofunctionalized nanoparticles and cell-polymeric nanoparticle hybrid vectors, has started to present itself as a promising drug delivery platform (Figure 2F,G) [74].



LPHNs have been investigated to encapsulate a variety of APIs to treat different disorders. Among these, anticancer drugs intended for a variety of cancer cells have predominated, and most of the previous articles focused their discussions on them. This increased and excessive care is justified by the great challenges faced in this field, in particular, multi-drug resistant cancer cells [75,76,77]. It can be seen that studies on other classes of therapeutic agents such as antiepileptic, vascular system disorders, analgesics, anti-inflammatory, antibiotics, antidiabetic, and other pharmaceutically bioactive therapeutic entities, for instance, vaccines, peptides/proteins, genes, and diagnostic imaging agents, started to increasingly appear in recent years as either encapsulated, adsorbed, or covalently bonded to these nanocarriers [28,29,61,64,78,79,80].




4. Gastrointestinal Behavior, Oral Absorption and Cellular Uptake Mechanisms of LPHNs


LPHNs can enhance intestinal absorption of the encapsulated drugs and overcome the physiological barriers of the GI tract through different mechanisms. These benefit from the unique hybrid structure of LPHNs, offering improved pharmacokinetic behavior of the API and ultimately enhancing its stability, dissolution, absorption, bioavailability, and systemic circulation time [81].



Protection and controlled release of encapsulated drugs are primary actions by which LPHNs can improve the oral absorption of labile drugs such as peptides and proteins [5]. Encapsulating the drug within a protective matrix and minimizing its leakage from the nanocarrier is critical for drugs that can be easily affected by the strong acidic condition of the stomach or the destructive intestinal enzymes. For example, Mutlu-Agardan et al. reported that LPHN formulations based on chitosan polymeric cores and L-α-phosphatidylcholine in combination with cholesterol as lipid shells could effectively protect the loaded insulin from premature release in simulated gastric conditions and had a more efficient and prolonged blood glucose-lowering effect in a diabetic rat model compared to the polymeric nanoparticles with the same core structure [50].



Another mechanism by which LPHNs can improve intestinal absorption is mucoadhesion and enhanced mucus penetration. The presence of positively charged polymers (e.g., chitosan) on the surface of LPHNs can promote strong electrostatic interaction with the negatively charged mucus layer lining the intestinal epithelium. Such interaction prolongs the residence time of nanoparticles in the GI tract, allowing more sustained absorption and prolonged therapeutic effect [82,83]. On the other hand, mucus-penetrating LPHNs utilize a different approach to enhance oral absorption by avoiding strong adhesion to mucus and rapidly diffusing through the mucus layer to reach the absorption site at the epithelial surface. This can be achieved by coating LPHNs with a hydrophilic and neutrally charged polymer such as polyethylene glycol (PEG), which minimizes interactions with mucin and enables faster penetration to the underlying epithelium [84]. It is worth mentioning that excessive mucus adhesion may trap nanoparticles and prevent them from reaching the absorptive epithelium. Conversely, strong mucus penetration without sufficient retention may lead to rapid clearance. Therefore, keeping a balance between mucoadhesion and mucus penetration by surface optimization of LPHNs is critical for maximizing the oral absorption of these carriers [84].



Once LPHNs come into contact with the intestinal epithelial surface, systemic absorption can occur through four different mechanisms depending on the physicochemical properties and surface modifications of the nanoparticles (Figure 3) [75]. The first mechanism is paracellular transport, in which LPHNs or the API released from them can cross the tight junctions between the epithelial cells [85]. In this route, particle size and surface charge of the nanoparticles are of particular importance. Smaller particles with positively charged surfaces are usually preferred. In addition, paracellular transport can be enhanced by the incorporation of permeation enhancers on the surface of LPHNs to transiently disrupt the tight junctions, allowing LPHNs or their released drugs to be freely absorbed [50,85]. The second mechanism involves transcellular transport through endocytosis, where epithelial cells internalize LPHNs through clathrin- or macropinocytosis-mediated pathways [86,87]. After internalization, nanoparticles can be trafficked across the cell and released at the basolateral membrane, enabling systemic drug delivery. Lymphatic uptake is another pathway for absorption of LPHNs, where M cells in Peyer’s patches can uptake the lipid-coated LPHNs due to their high affinity to lipophilic molecules and lipid-based nanocarriers [88,89]. After uptake by M cells, LPHNs are transported to the intestinal lymphatic system and eventually enter the bloodstream. This route allows the nanoparticles to bypass the hepatic first-pass metabolism, significantly enhancing oral bioavailability, as demonstrated with drugs like ibrutinib, where LPHNs improved bioavailability over 20-fold via lymphatic transport [89]. Lastly, ligand-conjugated LPHNs can be transported through receptor-mediated transcytosis, where surface ligands can be recognized by specific receptors on intestinal epithelial cells, promoting selective and efficient uptake [90].



An in-depth understanding of these mechanisms is critical for designing new LPHN formulations capable of traversing physical and biological barriers in the GI tract and achieving higher oral bioavailability of peptide and protein therapeutics. For example, the development of new coating materials with balanced mucoadhesion and mucus penetration properties can help LPHNs to interact with mucus without affecting their efficient penetration into the absorptive epithelial cells [82]. Concurrently, lipid shells engineered for higher affinity to M-cells can boost lymphatic uptake where LPHNs can bypass hepatic first-pass metabolism, greatly enhancing systemic delivery of the encapsulated API [88]. Moreover, incorporating permeation enhancers like sodium caprate, sodium deoxycholate, or zonula occludens toxin in the shell structure of LPHNs can transiently loosen tight junctions, facilitating paracellular transport [75,85]. Finally, controlling the physicochemical properties of LPHNs can greatly affect their intestinal absorption through paracellular and transcellular transport. Optimization of particle size and zeta potential is of particular importance, as smaller particles (<200 nm) with neutral or slightly positive surface charge showed higher intestinal absorption and significant improvement in oral bioavailability of the encapsulated drugs [91,92].




5. Preparation Methods


LPHNs are prepared by a variety of methods that enable the loading of a wide range of medicinal substances, irrespective of their ionicity, aqueous solubility, molecular weight, lipophilicity, and hydrophilicity [61,62,64,78]. These methods could generally be grouped into two distinct approaches; two-step methods and one-step methods (Table 2) [11,20,93]. In the two-step approach, the lipid-based nanocarriers and the polymeric nanoparticles are prepared separately and then fused in the second step [24,37,87]. On the other hand, in the single-step approach, the constituents, namely the polymer, lipid, and drug, are mixed in one pot and the self-assembled particles constitute the drug-loaded hybrid nanoparticles [19,24,87].



5.1. Two-Step Approach


In the early phase of LPHN preparation and development, the two-step approach was the most exploited procedure, where polymeric and/or lipid-based nanocarriers are prepared separately utilizing independent procedures. Then the carrier is combined or mixed with the counterpart carrier or excipient(s) at certain ratios in a separate new process to constitute the LPHNs. The merging or coating could be achieved by sonication, incubation with or without vortexing, or direct hydration, and that could be followed by extrusion or high-pressure homogenization for size reduction to get a more monodisperse hybrid product [17,21,37]. However, these methods are less attractive for formulators due to their technical complexity and the necessity to consider and control several variables in three separate processes (i.e., preparation of lipid and polymer carriers/components and merging) [17,24].



In this approach, conventional and nonconventional methods have been employed. Conventional processes, which involve nanoprecipitation, high-pressure homogenization, and emulsification solvent evaporation methods, are usually used on a small-scale level. If the polymeric part is used to constitute the main matrix to load the active constituent, as in the case of hydrophobic drug-loaded PC-LS LPHNs, the core is fabricated first, which consists of both polymer and API, by one of the methods mentioned so far [21,37,94]. The selection of the preparation process depends partly on the required particle size of the polymeric core and also depends on the physicochemical properties of the drug. In the case of hydrophilic APIs like biopharmaceuticals, the double emulsification solvent evaporation (DESE) method is a more suitable choice, as the API cannot be solubilized along with the polymer in the organic solvent as in the single emulsion solvent evaporation (SESE) method [21]. In both cases, high energy is introduced into the system to create the nanoemulsion, usually with the aid of emulsifiers. The evaporation of the organic solvent is achieved over several hours with the aid of stirring but could be accelerated by the application of vacuum. As a result, the polymeric nanoparticles self-assemble and precipitate and are finally collected by a suitable method. However, the resulting polymeric particles have a size of typically hundreds of nanometers and a wide particle distribution [95].



High-pressure homogenization creates polymeric nanoparticles by the formation of nano-droplets by passing through a melted polymer or polymer solution nozzle with a very narrow orifice, but it requires high-demand equipment, causing higher stress on biopharmaceuticals, and usually, the output is similar to the emulsion method in terms of particle size [95].



A third option to fabricate the polymeric nanocarriers is nanoprecipitation, which involves the mixing of a good and a poor solvent for the polymer. Upon mixing solvents by stirring, sonication, dropwise addition, or pumping into microchannels, the polymer starts to self-assemble and precipitate into nanoparticles. This technique could be exploited to produce smaller polymeric nanoparticles (sub-100 nm) compared to the SESE or DESE method with the required physicochemical properties by fine-tuning the experimental parameters such as the mixing rate, polymer concentration, and/or the type and volume ratio of the two solvents [37,95]. Nevertheless, conventional nanoprecipitation enables relatively low drug loading (<10 wt%) due to the difference in the precipitation time of the polymer/s and the drug. Drug loading may be increased by microfluidic flow-focusing, flash, sequential, or salt-induced precipitation, which can offer greater control over the precipitation time of polymers and drugs by changing salt concentrations. At the optimum salt concentration, the polymer and the drug can sequentially precipitate or co-precipitate, leading to successful encapsulation and high drug loading (up to 65 wt%) [96]. This method requires less energy, so it can be suitable for the formulation of biopharmaceuticals.



As a second step, this drug-loaded polymeric nanocarrier is merged with preformulated lipid-based nanoparticles such as liposomes or a thin lipid film by direct hydration, ultrasonication, or simple vortexing at temperatures higher than the gel-to-liquid transition temperature of the lipid component to facilitate the formation of the LPHNs due to noncovalent attraction forces [1,24,37]. As mentioned earlier, an extra step to control the particle size and the dispersity by extruding LPHN suspension through a porous membrane of a pore size equivalent to the aimed particle size or by homogenization at a temperature above the transition temperature to obtain monodisperse LPHNs might be performed [1,97].



To optimize the hybridization step to obtain LPHNs with suitable physicochemical and drug release properties and stability, the concentration of the lipid-based nanocarriers or excipient, the size homogeneity of the preformed vesicles and their surface charge, the concentration of the polymeric nanoparticles, the ionic strength of the continuous aqueous phase, and the kind and concentration of other materials used, such as the emulsifier, should be evaluated [2,17]. For example, a lipid bilayer shell will form around the polymeric core at a suitable ratio of the lipid component to the polymeric one. This shell could be changed into an irregular multilayer, and larger particles could be obtained by further increasing the concentration of the lipid component [95]. Also, it was found that the size and polydispersity of preformulated vesicles largely influence the size and homogeneity of the produced LPHNs. If PEGylation is employed in the preparation of the core–shell structures, longer PEG chains and higher concentrations of the lipid-PEG result in higher colloidal stability of the fabricated LPHNs, though a reduction in the zeta potential occurs. This is justified by the fact that steric stabilization conferred by the PEG chains is of imperative importance, making the electrostatic stabilization afforded by the lipids of secondary importance [37,98,99].



A reverse scenario could be seen when the API is contained in the lipid matrix, although this more rarely applies to biopharmaceuticals. A drug-loaded lipid-based nanocarrier can be formulated by various methods; thin-film hydration or solvent injection methods could be used in the case of liposomes, and cold or hot high-pressure homogenization or emulsion methods could be employed to prepare SLNs. Again, these lipid-based nanoparticles carrying the payload are mixed with a polymeric component to form LC-PS hybrid nanocarriers. Similarly, controlling the concentration of both components and other excipients, time, and degree of mixing will affect the output of the hybridization step [17,70,100]. For example, a two-step procedure has been employed to load salmon calcitonin peptide into LC-PS LPHNs, where the peptide-containing SLN core was prepared by the DESE method, followed by coating of the separated particles with chitosan in a separate step by simple incubation in chitosan-surfactant solution as the cationic polymer interacts electrostatically with the negatively charged lipid core and thus adsorbs on the surfaces of the SLNs. It has been found that both the concentration of the SLNs and the concentration of chitosan in the solution have affected the physicochemical properties of the LPHNs significantly. For instance, increasing the concentration of chitosan from 0.01% to 0.05% has significantly increased the zeta potential of the prepared LPHNs from approximately a neutral value up to around 26 mV. Increasing the concentration of chitosan helped to decrease the size of the nanoparticles, while increasing the concentration of the lipid particles led to a dramatic increase in the Z-average of the hybridized particles to values higher than 1 micron. Moreover, the entrapment efficiency of the peptide has apparently been affected by the concentration of the polymer [17].



On the other hand, two-step nonconventional techniques have been proposed to prepare LPHNs at higher amounts to scale up the production. These techniques involve spray drying, spray freeze-drying, and particle replication in nonwetting templates (PRINT), sometimes called soft lithography particle molding. In the PRINT technique, there is a high capability to control the shape and the size of the LPHNs with a monodisperse distribution, as it is governed by the used mold cavity [2,36].




5.2. Single-Step Approach


Due to the relatively long preparation time, high energy expenses, and complexity of the two-step procedures, the investigators have been looking for a relatively simple, cost-effective, scalable, and predictable alternative formulation approach. Consequently, time-saving single-step methods have emerged as attractive techniques to produce LPHNs. Currently, most of the LPHNs in the published studies have been prepared by this approach. Generally, LPHNs are prepared based on this approach either by self-assembled nanoprecipitation or modified emulsification solvent evaporation/extraction methods. These techniques are the same as mentioned so far to prepare the polymeric nanoparticles, but sometimes minor differences could be seen [7,11,62,87].



5.2.1. Self-Assembly Nanoprecipitation Method


This method of preparation is suitable to prepare PC-LS-type LPHNs with a high production yield of Z-average less than 100 nm [19,56,64], but mainly loaded with hydrophobic drugs [7,26,28,101]. The general concept of this method is to dissolve polymer/s and drug/s in a water-miscible organic solvent, which is then added to the aqueous lipid dispersion in a dropwise manner to bring the lipid and polymer into close contact for self-assembly due to interactions between the hydrophobic tail of the lipids and the hydrophobic polymer core. An input energy to assist the disassembly of lipid materials and their reassembly around the polymeric cores, creating homogenous core–shell structures, is crucial and can be achieved by increasing the temperature to 60–70 °C and/or by stirring or sonication. This is usually followed by solvent evaporation and a centrifugation step to eliminate extra polymer and lipid, and then dry LPHNs could be obtained by one of the drying methods [57,61,79,102].



The lipid-to-polymer mass ratio considerably affects the quality of the produced LPHNs [20,103,104]. It was found that the ratio of lipid to polymer in a range of 10% to 20% is convenient to produce LPHNs of less than 100 nm size and surface charge between −30 and −35 mV through a single-step nanoprecipitation method [105]. Interestingly, in the following work, reducing this ratio to 1% did not influence the size stability of the hybrid particles prepared by the same method, which suggested that the entire coverage of the polymer core surface is not required to maintain such stability [57], while a high amount of lipids could result in the coexistence of large-sized vesicular structures besides LPHNs [57,105]. In addition, molecular weight, viscosity and concentration of the polymer; the type and composition of the phospholipids; the pH of the external dispersion medium; the volume ratio and miscibility of the organic and aqueous phases; the concentration of the surfactant, if used; and the concentration of the drug have apparent effects on the physicochemical properties and EE% of the produced LPHNs. Moreover, the mixing technique and the degree of mixing of the solution also have a considerable impact on the size and PDI of the hybrid particles [19,26,29,61,79]. An alternative to nanoprecipitation is ionic gelation, in which the hybrid nanoparticles are obtained upon mixing of oppositely charged lipid and polymer excipients. To achieve the required size, surface charge, and EE%, the lipid-to-polymer ratio should be optimized [35,62,106].



The self-assembly could be achieved as well by the nonconventional microfluidics method. This technique, which has extensively been used to formulate polymeric and lipid-based nanocarriers, also found a place to fabricate LPHNs. These miniaturized devices can manipulate small volumes of liquids in narrow channels of a few millimeters to micrometers in dimension with a greater surface area that enables effective and rapid mixing of fluids, leading to improved production yield and control over the produced particles [29,63,64]. In microfluidic chips, the mixing of molecules takes place solely through molecular diffusion, as the flow of fluids is laminar with a low Reynolds number and is governed mainly by viscous forces and pressure gradients. Consequently, a variety of geometries have been introduced, such as microfluidic hydrodynamic focusing (MHF), W-type and Y-junction with or without a staggered herringbone micromixer to further promote mixing by additional convective effects (Figure 4) [107,108], along with other alternative fluid reactors to prepare more uniform and smaller particle-size LPHNs with a higher degree of reproducibility by virtue of the enhanced vorticity and mixing efficiency [29,64]. Upon mixing of the liquid streams in microfluidic devices, the polarities change along the mixing chamber, and consequently, a nanoprecipitation reaction and rapid self-assembly of the dissolved molecules into nanostructures take place within the time scale of milliseconds. By altering the structure of chips and by controlling the process parameters, such as the flow pattern and careful manipulation of material attributes, the physical properties, drug loading capacity, and production rate of the hybrid particles can be highly fine-tuned. Thus, the microfluidic technique offers an attractive platform for industrial-scale production of LPHNs, hence facilitating industrialization and clinical translation [29,64,109,110].



Microfluidic techniques can be superior to bulk methods, since relatively higher encapsulation efficiency has been achieved with monodisperse particle distribution and more control on the particle size by modulating the flow rate, as the ratio of organic/aqueous solvent flow rate increased from 1:5 to 1:50, the particle size was reduced from 302 nm to 191 nm along with smaller PDI. The release of the entrapped lipophilic drug compared to the bulk method was also more controllable [63]. The description of the flow pattern in terms of Reynolds number is useful in explaining the degree of mixing within microfluidic devices. Reynolds numbers higher than 30 induced a rapid and strong convective profile of mixing, which led to the production of LPHNs in a size range ideal for stability and biological relevancy in a relatively high amount (3 g/h) and in a reproducible manner [111]. Therefore, the Reynolds value, along with the flow rate ratios, appears more indicative in reflecting the development of a convective pattern that is characterized by fast and effective mixing of the precursors. Additionally, the timescale of the polymer core growth (τgrow) seems to be critical in controlling the homogeneity of the LPHNs. Shi Xin et al. proved with computational fluid dynamics (CFD) simulation that the homogeneous assembly of the hybrid nanoparticles can only be achieved when the τgrow of the polymer cores exceeds the timescale required for lipid coating (τcoating). Precise control of the flow pattern in terms of Reynolds number and flow rate ratio may enable the maintenance of an optimal τgrow long enough to allow homogenous assembly of the LPHNs [112].



Nevertheless, it is difficult to generalize a range of Reynolds numbers required to produce LPHNs of certain quality for microfluidic devices of different geometries or for different precursors of lipids and polymers with a variety of compositions. Therefore, this represents an attractive area for research to create a roadmap for this technology to facilitate the continuous good manufacturing practice of LPHNs and facilitate clinical translation. A further problem is the limited applicability of this method for water-soluble drugs, since they are likely to leak into the aqueous medium [78]. Consequently, incorporation of biopharmaceuticals into LPHNs would not be feasible using such techniques, and this can be managed in the single-step approach by utilization of the other option, the emulsion method [2].




5.2.2. Emulsification Solvent Evaporation/Extraction Method


Single-step SESE and DESE approach is suitable to load a wider range of APIs into LPHNs compared to nanoprecipitation owing to the greater flexibility [24,36,78,113], although LPHNs prepared by emulsion methods are generally larger. The selection of the approach depends mainly on the type of targeted LPHNs and the solubility of the drug [5,78]. Generally, water-soluble molecules are prepared by DESE, while insoluble ones are usually encapsulated into LPHNs by SESE [5,13,16,36].



By default, water-immiscible solvents, such as dichloromethane (DCM) since it can be removed completely because of its low boiling point and high vaporization rate [5,114,115]. are used as an oil phase in which the lipid, polymer, and drug are dissolved together. Then, it is emulsified in an aqueous phase under probe or ultra-sonication to form an oil-in-water (O/W) nano-emulsion in which hybrid particles of the lipid-coated polymeric core are formed with the hydrophobic tails of the lipids self-assembled and attached onto the polymeric core while the hydrophilic heads orient themselves towards the aqueous external phase. Subsequently, the organic solvent is evaporated to get a suspension of nanoparticles. The dry powder could be prepared by freeze-drying for extended periods of storage [2,24,116].



In the case of water-soluble drugs, DESE is used to prepare the LPHNs [78]. The drug is dissolved in a separate aqueous phase constituting the internal phase (W1) and is emulsified in an oil phase containing the polymer and lipid to form a W1/O nano-emulsion, which is finally poured into an external aqueous phase and similarly probed or ultra-sonicated to form the double nano-emulsion (W1/O/W2). Following the evaporation of the organic phase, the formed LPHNs could be separated from other components by centrifugation. The same procedure could be followed to get the dry LPHNs as mentioned for the SESE method [5,13,36,117]. With this technique, LPHNs with special core/shell-type lipid-polymer-lipid architecture can be prepared composed of a polymer layer sandwiched between two lipid layers, and the hydrophilic active agent is contained within an aqueous core engulfed by the internal lipid layer (Figure 5) [118].



Emulsification methods are the most commonly used to incorporate hydrophilic drugs such as peptides/proteins into LC-PS and PC-LS type LPHNs for a variety of routes of administration [16,39,115,119]. For example, insulin has been loaded into hybrid nanoparticles for oral delivery using DESE [39,120]. However, using the emulsification method to prepare such drug delivery systems for peptides might raise stability issues due to:




	(1)

	
The exposure of the protein to the hydrophobic organic solvent (e.g., DCM) in the primary emulsion as the maximum degree of deactivation occurs at the organic–aqueous interface.




	(2)

	
Dehydration during the lyophilization process, which could be used to obtain a dry powder, might cause the denaturation of proteins as well.









Therefore, careful selection of lipids, polymers, solvents, and other excipients is of high importance to avoid such stability problems. Using stabilizers in the internal aqueous phase is important in protecting protein from the deactivating effect taking place at the very first step of nanoparticle formation [121]. Several stabilizers, such as serum albumins, can concurrently shield the protein from the organic solvent and also stabilize the primary emulsion by preferential accumulation at the aqueous–organic interface, thus preventing the denaturation of proteins by the organic phase. As an additional benefit, serum albumins can promote the encapsulation efficiency of proteins. Using lyoprotectant agents in the formulation of peptide-loaded LPHNs by the DESE technique helps to retain the bioactivity of proteins by reducing their aggregation during the freeze-drying process [122].



Several experimental parameters of the emulsification evaporation methods have been investigated by different research groups. These include:




	
Organic phase composition.



	
Volume of the external aqueous phase and its pH.



	
Polymer type and concentration.



	
Type of lipid or lipid combination and their ratios.



	
Concentration of lipid/s in the organic phase.



	
Polymer/lipid ratio.



	
Type of the stabilizer and its concentration.








Manipulation of these factors was done to formulate LPHNs of the required physicochemical and drug release properties with high encapsulation and loading capacity and enhanced production yield [13,41,114,121,123].



The increasing polarity and miscibility of the organic phase increases the size of the produced particles, as the use of acetone resulted in particles with the highest size of around 800 nm, while ethyl acetate and DCM gave smaller particles with a mean diameter of 225 nm and 243 nm, respectively, which can be due to the partial miscibility of acetone and water leading to its diffusion into the external aqueous phase, causing destabilization of the emulsion with bigger internal droplets [16]. However, in another work, controversial results were obtained as DCM resulted in slightly smaller particles of 309 nm compared to 334 nm obtained with the use of ethyl acetate, which has approximately 5 times higher aqueous solubility. The EE% of insulin in M-LHPNs was about 10% higher with DCM due to accelerated polymer precipitation resulting from the higher evaporation rate of the low boiling point DCM (40.1 °C) compared to ethyl acetate (77.1 °C). Interestingly, the addition of acetone in a 1/3 ratio has increased EE by about 3% and reduced the size of LPHNs by around 100 nm in the case of both individual solvents. This has been justified by the rapid diffusion of the acetone into the external aqueous phase, leading to a decrease in the interfacial tension and faster polymer precipitation with the limited escape of the encapsulated protein [41]. Nevertheless, the use of less harmful organic solvents is recommended for the production of LPHNs for protein delivery since ethyl acetate and acetone were shown to be more delicate with such biological molecules compared to DCM [114].



Emulsifiers have different effects on the physical properties of the LPHNs; they can stabilize nanoemulsions to enable minimum droplet size and consequently small and monodisperse nanoparticles [16,39,41,78,120,121,124], preserving the native structure of proteins and protecting them from the disrupting effects of the organic solvents [121], and improve encapsulation efficiency through creating complexes with peptides and proteins and so enhancing their affinity and solubility in the lipids and polymer components. For instance, the hydrophobic ion-pairing (HIP) approach in which a peptide is complexed reversibly with an oppositely charged surfactant can be used to promote the liposolubility of the hydrophilic molecule in hydrophobic core polymers reducing the partitioning of the protein into the external aqueous phase during the encapsulation process and thus enhancing the loading capacity [41,120,121,125], and also enabling higher permeation across cell membranes due to the higher lipid solubility and imparting conformational stability to the peptide against the disruptive effect of the organic solvents [125]. Nevertheless, it is not easy to generalize the relationship between the type of stabilizer, the stability of the emulsion, and the characteristics of the produced LPHNs, and more systematic experimental work is required to understand the mutual interactions with other factors.



EE also can be controlled with the pH of the aqueous phase, since bringing it near the isoelectric point (PI) of a protein could highly improve EE while keeping its native form. In a study that used lysozyme as a model peptide, a variety of formulation parameters using the single-step DESE method were investigated. The use of the anionic surfactant sodium laureth sulfate (SLS) in the internal aqueous phase gave a more stable primary emulsion and consequently smaller LPHNs and caused a considerable increase in the EE% by forming a HIP complex with lysozyme, resulting in a rise in the liposolubility of the peptide and hence more entrapment in the hydrophobic polymer compared to the non-ionic surfactant Tween 80. Higher amounts of the polymer in the organic phase led to an apparent increase in the mean particle size, and that was justified by a rise in the viscosity of the organic phase leading to larger droplets and consequently larger particles. Increasing the ratios of PC to lipid phase led to a significant increase in the EE and negativity of the surface charge without a notable change in the size of the hybrid particles [79,121]. Increasing this ratio generally decreases the size of the produced LPHNs with a single lipid bilayer coat up to a certain value, beyond which further increase may lead to either a multi-lamellar lipid shell or coexistence of other lipid carriers such as liposomes. This change in particle size in response to a change in lipid/polymer ratio is an inverse relationship with the EE% [2]. The osmotic pressure gradient between the internal and external aqueous phases can also influence EE. For example, a two times higher EE% of antigenic peptides was achieved when the osmotic pressure gradient was optimized by adding 15% glucose in the external aqueous phase [34].



Cui et al. prepared insulin-loaded M-LPHNs by a modified version of the DESE method. A complex between insulin and soybean phosphatidylcholine (SPC) was prepared first, and upon addition of the organic solvent containing a polymer, spontaneous formation of reverse micelles took place, replacing the first step of preparation of the primary emulsion. The polymer of choice was the low-Mw PLGA (Mw 9500), as it gave a higher EE%, smaller particle size, and higher zeta potential. The polymer/lipid ratio at 5:1 and the use of DCM as an organic solvent have lowered the particle size and boosted the EE% up to 90% [41].



Besides formulation parameters, sonication time may be an important independent factor of the homogenization of the primary and secondary emulsion [17,34,36]. In the case of insulin- and lysozyme-loaded LPHNs, increasing the sonication period from 60 s to 90 s, or from 2 min to 5 min, respectively, has led to more homogenous particle size distribution 128]; nevertheless, high shear forces applied for a longer period could damage the integrity of peptides [41]. Therefore, optimization of this factor is crucial, and a trade-off must be selected between the homogeneity of the hybrid system and the stability of the labile drugs. Although the emulsification method has several advantages, the residual solvent/s constitutes a major drawback that could be a cause of toxicological issues [94].






6. Examples of Peptides/Proteins Formulated in LPHNs


In this section, different examples of peptides and proteins encapsulated in LPHNs are discussed along with the intended route of administration (Table 3). The results of these studies focused on the capacity of drug loading and release kinetics of the LPHNs. Biocompatibility of drug-free nanocarriers, in vitro cytotoxicity of drug-loaded LPHNs, and cellular uptake have been extensively studied as well. Some authors dived further in and did in vivo studies on some experimental animal models. As mentioned earlier, the parenteral route is currently the most predominant route of administration of such therapeutic agents, and due to its drawbacks, several researchers looked for alternative, less invasive or non-invasive routes of administration using the LPHNs platform. Among these routes, the oral route is highlighted as it is the most suitable one based on patient acceptability. Additionally, manufacturing of oral formulations does not require a sterile environment, and consequently, less production cost is attained compared to injectable formulations [1,41]. Consequently, most of the mentioned studies are oriented towards this administration route.



Insulin is one of the commonly studied proteins to be delivered through an alternative non-parenteral route of administration using the LPHNs delivery platform. These studies addressed the challenges accompanying the oral delivery of such protein, including the difficulty of this large hydrophilic molecule to cross the intestinal mucosa, the unfavorable conditions of the GIT (e.g., low pH of the stomach and extensive activity of proteolytic enzymes), and the low encapsulation efficiency in other delivery platforms.



M. Boushra et al. (2016) formulated M-LPHNs for oral delivery of insulin in two separate studies [39]. In both of them, they used the same lipid components and preparation procedure, but they changed the polymer type from methyl cellulose in one study to propylene glycol (PG) in the other one. In both cases, the EE% has been promoted dramatically compared to the SLN counterpart by the creation of hydrophilic regions within the lipid matrix and stabilization of the primary emulsion attributed to the surface-active properties of methylcellulose. PG improved the entrapment by enhancing the viscosity of the internal aqueous phase and initiating H-bonding with the protein, leading to inhibition of the migration of insulin to the water/organic solvent interface. Both LPHN systems showed good dispersion stability at gastric and intestinal pHs as well as storage stability. Moreover, these nanocarriers showed extensive uptake by Caco-2 cells, indicating a high potentiality of absorption on oral administration. However, LPHNs formulated with PG showed superiority over those with methocel in terms of EE%, smaller particle size, and lower PDI [39,127]. Unfortunately, the pharmacological bioavailability would not be available for comparison due to the lack of in vivo study in the case of PG-containing LPHNs.



Cui et al. used an opposite principle to the previous work. They enhanced the lipophilicity of insulin to increase its entrapment in the hydrophobic carrier. A complex of SPC and insulin prepared by the co-solvent lyophilization technique was loaded into hydrophobic polyester polymers using the emulsification solvent evaporation method and resulted in M-LPHNs type composed of insulin-containing reverse micelles embedded into the polymeric nanoparticles. Through manipulating different experimental parameters, monodispersed hybrid nanoparticles of approximately 200 nm size and high encapsulation of insulin of about 90% were produced, and their relative pharmacological bioavailability was investigated in vivo on diabetic rats [41]. Although they achieved a higher relative bioavailability of 7.7% compared to the M-LPHNs of Boushra et al. (2016), this value remains much lower than that required in clinical situations (>15%) [39]. This hybrid system seems promising in oral delivery of insulin, and by surface modification approaches and inclusion of some excipients such as enzyme inhibitors, this relative bioavailability could be highly pushed towards the required values. However, this study, despite its strong points of in vitro release and in vivo behavior investigations, lacked important testing of the storage and colloidal stability of such nanoparticles in simulated gastric and intestinal fluids.



M. García-Díaz et al. followed the strategy of the previous study to enhance the EE% of orally administered insulin-loaded hybrid nanoparticles [120]. Similarly, insulin-lipid complexes with SPC or sodium caprate (NaC10) were formulated to increase the liposolubility of insulin in the hydrophobic polyester PLGA. They followed the general procedure of the DESE technique without the modifications used in the previous study (reverse micelles-solvent evaporation). In both types of complexes, comparable monodispersed hybrid nanoparticles were obtained to the previous work in terms of size and EE% [120]. The apparent difference was the surface charge of the particles, which was higher towards the negative values, approx. −30 vs. –17 mV, respectively. Also, the in vitro release study showed a higher burst release pattern with a higher proportion of free insulin in a simulated intestinal fluid. Almost 80% of the loaded insulin was released within only 1 h in comparison to 24 h needed to give a similar percentage in the previous work. Both observations might be due to the higher proportion of surface-entrapped insulin-lipid and also reflect the weaker association of the lipid and the drug in the complexes. This could be highly attributed to the variation in the preparation technique that led to this difference in the release profile.



B. Sarmento et al. (2011) developed insulin-loaded LC-PS hybrid nanoparticles prepared in two steps, including the DESE method for Witepsol-based SLN followed by coating with the cationic polysaccharide chitosan under stirring [126]. These nanoparticles were proved to evade the opsonization and phagocytosis by the mononuclear phagocyte system (MPS) by using an in vitro macrophage cell line. This study shows the superiority of the hybrid platform over the SLN in elongation of the blood circulation of the intestinally absorbed nanoparticles benefiting from the surface characteristics imparted by chitosan that rendered the surface more hydrophilic and switched the surface potential from negative to positive values. These changes made the nanoparticles much less efficiently phagocytosed, as opsonins prefer hydrophobic, negatively charged nanoparticles to adsorb on [126]. The EE% (between 39% and 66%) and loading capacity (0.3–0.5%) of insulin reported by the authors were significantly lower than other developed M-LPHN types for oral insulin delivery [41,120]. Therefore, this core–shell hybrid system needs further enhancement to be clinically feasible, in addition to its advantage of enhanced bioavailability and stability of the loaded peptide, in terms of drug loading efficiency.



A closely related work on oral insulin delivery was done by P. Fonte et al. using the same preparation technique and polymer and lipid components to formulate LC-PS-type LPHNs. The potentiality of this study comes not just from the in vitro absorption experiment but also from the in vivo study done on diabetic rats. This hybrid nanoparticle system showed a superior ability to stabilize and protect the encapsulated protein over the non-hybrid SLN, as well as a more sustained hypoglycemic effect, and achieved promising relative pharmacological bioavailability (≈17%), which was double that of the uncoated SLN (≈8%), thanks to enhanced paracellular permeability and the mucoadhesive property of the polymer [16]. This relative bioavailability is among the highest values reported for oral insulin delivery entrapped in a polymeric or lipid-based system or even LPHNs, making this system a potential candidate for clinical translation. However, this investigation lacked an important aspect of measuring the storage stability of those formulated LPHNs, especially with the relatively large size and wide PDI values reported (Table 3).



Earlier work by M. García-Fuentes et al. showed the improved oral delivery of insulin through the merging of a lipid carrier with a polymer in the form of LC-PS nanoparticles. They focused on the comparison of the stability of different prepared formulations and found that hybrid nanoparticles with PEG showed the highest stability both in simulated gastric and intestinal fluid, as the particle size remained the same and the molecular degradation of the lipid core was less than 5% in the gastric medium. On the other hand, the non-hybrid formulation (SLN) showed considerable and immediate aggregation in the gastric medium to a degree that the assay of the remaining amount of the lipid could not be done, although their absolute zeta potential value was higher than that of the PEGylated particles (−33 mV vs −20 mV). This agrees with other reports that demonstrated that steric stabilization is more important than electrostatic repulsions in the colloidal stability of LPHNs [7,19,37]. Although nanoparticles with a PEG-2000 outer shell were selected to load insulin, the protection action was the same for both grades of the PEG and was attributed to its steric stabilizing effect, which is not compromised by the low pH condition of the stomach, and additionally the impaired attachment of the digestive enzymes by virtue of the well-known protein-rejecting characteristics of this polymer [23]. However, EE% of the drug was not reported and the release profile in an in vitro setting was not optimum to get a clear conclusion. Moreover, no in vivo studies have been done to show the efficacy of these proposed LPHNs.



Hybrid nanocarriers have also shown marked superiority, based on their advantages, in delivering APIs to treat brain disorders via noninvasive intranasal administration. By this route, the drug-loaded nanocarrier can bypass the blood–brain barrier (BBB) by slow intra-axonal transport through the olfactory and trigeminal nerves or by an accelerated transfer via the perineural space surrounding the nerve cells [129]. Olanzapine has been loaded into a hybrid system of nanoemulsion coated with chitosan to be delivered through the nose-to-brain pathway. It has been reported that the cumulative amount and the maximum drug concentration achieved in rat brain were much higher than the non-hybrid counterpart [130].



An example of a peptide delivered by LPHNs via this route to treat a brain disorder is the neurotrophic factor human insulin-like growth factor-I (hIGF-I). By this route, the rapid degradation rate, fast clearance of the peptide from the systemic circulation, and limited ability to pass the BBB by virtue of its high Mw and hydrophilicity could be overcome. LC-PS nanoparticles comprising NLCs as a core and chitosan as a polymer shell were formulated. This hybridization offered a solution for the major shortcomings of the non-hybrid NLCs after intranasal application, which are a short residence time in the nasal cavity and incomplete medicine absorption because of the mucociliary clearance. In addition to the suitable size, PDI, and enough colloidal stability of the LPHNs, the EE% value was quite high, approximately 90% [119]. Benefiting from the properties of the polymer shell, these positively charged nanoparticles are speculated to be highly attracted to the negatively charged cell membrane of the nasal epithelial cells, and together with the mucoadhesive characteristics and an ability to transiently open epithelial tight junctions, these nanoparticles could highly promote the drug uptake through the nasal mucosa and access to the CNS [131]. The LPHNs loaded with a near-infrared dye were detected by the fluorescence imaging monitoring in the nasal cavity and brain of female rats up to 24 h after intranasal administration, confirming prolonged contact of these nanoparticles with the nasal epithelium and their accumulation not only in the frontal brain section but also deep penetration into, for example, the cerebrum and hippocampus segments. Moreover, these LPHNs demonstrated no signs of toxicity during both in vitro and in vivo investigations [119]. However, this work had some limitations that need to be performed or promoted in the future. For instance, the peptide-loaded LPHNs were not investigated in the experimental animals, and instead, the authors used the dye-loaded nanoparticles for in vivo drug delivery. This might be due to the difficulty of measuring the absorbed amount of the peptide in the brain tissues. Also, a higher proportion of the near-infrared dye was detected in the lung, indicating a higher accumulation of the nanoparticles in this tissue. Therefore, further modifications and optimization are needed to mitigate the delivery of the drug to other tissues rather than the brain.



LPHNs have been investigated to deliver vaccines using bovine serum albumin (BSA) as a model antigen. The hybrid particles were formulated from a polymeric core of PLGA, which encapsulated the BSA and provided rigid support for the hybrid particles, and a lipid shell containing the cationic lipid DOTAP and cholesterol PEGylated with DSPE-PEG(2000) amine. This engineered outer corona of lipid functioned as a biocompatible shield and a bi-directional reduced permeability barrier due to its content of cholesterol. This mitigates the entrance of the external water molecules or serum proteinases, thus minimizing the degradation of the PLGA core and consequently preventing rapid leakage of the loaded protein and offering the prolonged and controlled release of the antigen, thus avoiding premature degradation. One of the distinguished notes of this study is the reported high entrapment efficiency of the protein, which was at a minimum of 88.5% [67]. Unfortunately, this high percentage of the encapsulation of this hydrophilic macromolecule in the hydrophobic polymer was not justified or explained by the authors, who used a two-step method to prepare such hybrid particles. It is worth mentioning that although PEGylation has enhanced the storage stability remarkably and saved the initial physical characteristics of the LPHNs, it inversely affected the uptake of the hybrid particles by an in vitro culture of dendritic cells via endocytosis at higher PEGylation ratios, leading to undermining the required immune response triggering [67]. Therefore, the lesson learned from this work is that the suitable PEGylation ratio should be cautiously determined as a trade-off between the long-term stability and the in vivo performance of the hybrid nanocarriers, for instance, in vaccination.



Another commonly studied protein in the field of formulation development was lysozyme [22,114,125,132]. It has a number of activities, such as antibacterial, antiviral, anti-inflammatory, anticancer activity, and immunomodulation [133,134]. A group of researchers from Ankara University reported different formulations of PC-LS LPHNs loaded with lysozyme using the DESE method through a series of published papers. To get relatively stable hybrid nanoparticles with high EE% and have a suitable size and size distribution, they investigated and manipulated a variety of formulation parameters. These include total lipid concentration in the organic solvent, the relative ratios of the used lipids to each other, organic solvent composition, the concentration of the employed polymer PCL in the organic phase, volume of the external aqueous phase, and type of the stabilizer in the internal aqueous phase. It is expected that some of the enzymatic activity of the protein might be lost during the preparation of the nanoparticles, and they found that this loss came mainly from the lyophilization process and not from the DESE method [114,121]. This loss could be minimized by using a suitable cryoprotectant such as sucrose, mannitol, or trehalose [122,135]. It is worth mentioning that the observed cell viability was higher than 75% for both the nonhybrid PCL particles and the hybrid ones in the MTT assay on a cell line. However, the cell uptake of the LPHNs was significantly higher compared to PCL nanoparticles, reflecting an improved interaction of the LPHNs with cell membranes [114].



The basic peptide hormone calcitonin has been clinically used for more than 40 years in the form of salmon calcitonin to control severe hypercalcemia and for metabolic bone diseases such as Paget’s disease and osteoporosis and is currently available in the pharmaceutical market as a nasal spray and intravenous, subcutaneous, and intramuscular injectable preparations [4,136,137]. Due to its high water solubility and extreme instability in the GIT, the absorption of this peptide through the GIT mucosa is very low [4]. M. Garcia-Fuentes et al. formulated three different oral preparations of LC-PS LPHNs loaded with salmon calcitonin by changing the external polymer layer and, in one formulation, by incorporating Miglyol® 812 (liquid triglyceride) in the lipid core (Table 3). Nanoparticles coated with chitosan have inverted the negative surface charge of the uncoated SLN to positive values. This inversion has been accompanied by an apparent increase in the particle size by approximately 100% to values that do not support the facilitated transportation through the mucosal membrane and long-term blood circulation [126,138], along with relatively high size distribution. Additionally, coating with chitosan has affected the EE% of the peptide inversely and reduced the entrapment efficiency to around 1/3 of the value of the nonhybrid SLNs. This has been justified by the fact that the peptide (PI = 10.4) is positively charged in the pH values of the medium and is associated with the negatively charged lipid particles mainly by the electrostatic interaction. The cationic polymer is competing with the associated salmon calcitonin molecules in their binding to the lipids and displacing part of them, leading to a reduction in the EE%. On the other hand, PEG-coated nanoparticles demonstrated suitable Z-average and PDI values with high EE% above 90%. Introducing the liquid triglyceride into the formulation has slightly reduced both the size and the PDI but did not influence the EE% of the salmon calcitonin. In the case of both polymers, in an in vitro release test, the loaded peptide has been released in a two-phase pattern: an initial burst release related to the surface-associated peptide molecules, followed by a slow and sustained release phase, and approximately 40% of the load has been released within 6 hrs. However, the incorporation of Miglyol® 812 did not affect the release pattern of the drug. Chitosan-coated SLNs showed an increase in the particle size upon their incubation for 1 h in simulated gastric and intestinal fluids by about 50 nm and 100 nm, respectively [17]. Indeed, this increase could be viewed as a sign of instability and could inhibit the absorption of the nanoparticles. However, this study lacks the in vitro and in vivo evaluation of the performance of these hybrid nanoparticles.



Among the reasons mentioned earlier for formulating LPHNs is enhancing the encapsulation efficiency of the hydrophilic macromolecular drugs. Tan et al. have developed an LPHNs-vaccine formulation and utilized three antigenic peptides to evoke anti-tumor cytotoxic T lymphocyte responses (Table 3). All these peptides were loaded into PC-LS LPHNs in separate formulations. It is worth mentioning that the lipids have also worked as surfactants, eliminating the need for external ones. The EE% of three peptides, TRP2, p15E, and hgp100, was improved from 24.1%, 1.05%, and 0.4% to about 30.1%, 12.1%, and 2.3%, respectively, in comparison to the non-hybrid PLGA polymeric formulations. By an in vitro experiment, these LPHNs were successfully taken up by the dendritic cells with endosomal localization. Also, these nanocarriers showed a controlled and prolonged release pattern of the peptides and needed approximately two weeks to empty their loads. These individually fabricated peptide-loaded hybrid nanoparticles were able to induce antigen-specific T cells after intradermal administration in mice, and when mixed before vaccination of mice inoculated with B16-F10 murine melanoma cells, they revealed superiority over single peptide-loaded LPHNs in suppression of tumor growth. This strategy of the combination was found successful in reducing the tumor immune escape, for instance, by downregulation mechanisms of antigens employed for vaccination [34]. This study demonstrated another area of application of LPHNs in the delivery of peptides in prophylactic cancer immunotherapy.




7. Conclusions and Future Opportunities


LPHNs present themselves as a promising delivery platform, combining the merits of lipid-based and polymeric nanocarriers and mitigating their shortcomings. With six different architectures, LPHNs showed their superiority in terms of physicochemical properties, EE%, tissue and cell internalization, and in vitro and in vivo stability both for the carrier and the entrapped medicines. LPHNs demonstrated their potential to protect and deliver fragile peptide/protein drugs with a higher EE%, for instance, 10-fold compared to the nonhybrid counterparts. A variety of preparation methods have been used to prepare such nanocarriers, with an apparent trend of shifting from conventional two-step to nonconventional one-step strategies. Tremendous work and a variety of excipients, including emulsifiers and stabilizers, were exploited to enhance the encapsulation and stability of the loaded proteins in LPHNs, but still, this avenue remains open for more studies to simplify and scale up the production of these nanoparticles. Combining the emulsification methods, being the most commonly used technique to encapsulate peptide/protein drugs in LPHNs, with the nonconventional techniques such as inkjet and other printing technologies and spray drying could improve the production of biopharmaceutical-loaded LPHNs in commercial amounts, facilitating their clinical translation and marketing. Moreover, exploiting quality by design principles is highly likely to accelerate the phase of development and show a variety of material attributes, such as the type of solvents, lipids, polymers, their molecular weight and concentration, and process parameters that affect the quality of the prepared LPHNs and facilitate the formulation of solid-based conclusions for industrial and regulatory affairs [139].



Concerning formulations in dosage forms, this field of research remains promising, but several issues need to be disclosed. For example, one of the potential routes of administration of small molecular drugs as well as large molecular weight biological therapies is the buccal mucosa. A variety of nanoscale delivery platforms, such as polymeric nanoparticles, have been reported to deliver small molecules as well as macromolecular drugs through this route. To our knowledge, there is no published work that used LPHNs to deliver peptide/protein through buccal administration. However, benefiting from the potentialities of this route, these nanocarriers could constitute a highly promising candidate to deliver biopharmaceutical therapies, for example, in the form of mucoadhesive buccal films to induce both local and systemic effects [140,141,142,143,144]. It could also help in controlling and tailoring the release profile of their payloads. Moreover, LPHNs could play a significant role in overcoming the delivery of macromolecular drugs through the skin barrier, which is considered much more resistant compared to the buccal mucosa.



Although there is a considerable number of in vitro stability and release studies on peptide/protein encapsulated in LPHNs, the in vivo studies remain relatively limited. Consequently, there is an eager need for more studies to investigate the stability of these biological compounds entrapped in LPHNs through a variety of routes of administration and their pharmaceutical bioavailability in animal models. This could greatly hasten the development of this platform and potentially make the clinical translation of such nanoparticles feasible in the near future.
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Figure 1. Literature analysis of publications concerning LPHNs in the past 10 years. 
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Figure 2. Schematic illustration of different types of LPHNs. (A) Lipid-core polymer-shell type; (B) Matrix structure LPHNs; (C,D) polymer-core lipid-shell type; (E) self-emulsifying LPHNs; (F) cell membrane bio-functionalized nanoparticles; (G) cell-polymeric nanoparticle hybrid vectors. 
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Figure 3. Schematic illustration showing different intestinal absorption mechanisms of LPHNs. 
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Figure 4. Schematic illustration of microfluidic system settings showing a variety of microfluidic devices geometries; (A) is an aqueous solution; (B) is an organic solution; (C) is microfluidic mixing chip; (D) is the formed nanoparticles output; (1) microfluidic hydrodynamic focusing (MHF); (2) Y-type with staggered herringbone micromixer (SHM); (3) Y-type without SHM; (4) T-type micromixer. 






Figure 4. Schematic illustration of microfluidic system settings showing a variety of microfluidic devices geometries; (A) is an aqueous solution; (B) is an organic solution; (C) is microfluidic mixing chip; (D) is the formed nanoparticles output; (1) microfluidic hydrodynamic focusing (MHF); (2) Y-type with staggered herringbone micromixer (SHM); (3) Y-type without SHM; (4) T-type micromixer.



[image: Pharmaceutics 17 00797 g004]







[image: Pharmaceutics 17 00797 g005] 





Figure 5. Schematic illustration of the structure of the hollow core/shell lipid-polymer-lipid hybrid nanoparticle. 
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Table 1. Comparison between lipid-based nanocarriers, polymeric nanocarriers, and LPHNs.
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	Feature
	Lipid-Based NCs
	Polymeric NCs
	LPHNs





	Stability
	Moderate (lipid oxidation, drug leakage)
	High (rigid matrix)
	High (rigid polymer core)



	Biocompatibility
	Excellent
	Moderate (depending on the polymer nature)
	Excellent (lipid shields polymer)



	Encapsulation
	Moderate for proteins
	Low for hydrophilic macromolecules
	Higher for hydrophilic/hydrophobic peptides/proteins



	Cellular Uptake
	High (membrane fusion, endocytosis)
	Variable
	High (lipid-mimic + polymer protection)



	Bioavailability
	Limited for peptide/protein due to stability issues
	Moderate due to lower transcellular absorption
	Improved due to combined stability and biocompatibility



	Drug Release
	Fast, burst due to fragile lipid structure
	Controlled, tunable
	Controlled due to polymer core matrix



	Preparation
	Simple self-assembly
	More complex
	Most complex due to hybrid structure, often require multiple steps



	Scalability
	Established with moderate challenges
	Established with moderate challenges
	Still emerging with more difficult challenges










 





Table 2. Comparison between single-step and two-step approaches for preparation of LPHNs.
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	Single-Step Approach
	Two-Step Approach





	Definition
	Simultaneous formation of lipid and polymer components in one process
	Separate formation of polymer core and lipid shell, followed by their combination



	Complexity
	Relatively simple
	More complex and time-consuming



	Control over structure
	Limited control over core–shell architecture
	Greater control over nanoparticle architecture



	Encapsulation efficiency
	May be lower or variable
	Generally higher due to optimized core loading before lipid coating



	Scalability
	More scalable and suitable for industrial production
	Less scalable due to complexity



	Reproducibility
	Higher, due to fewer steps and reduced variability
	Lower, due to multiple processing stages



	Stability of the API
	May be compromised during the preparation due to harsh conditions and/or organic solvent exposure
	Improved stability due to drug encapsulation during the polymer core formation in gentler conditions



	Suitable applications
	When stability of the API is not a concern
	More suitable for peptide/protein encapsulation due to the less harsh conditions and/or organic solvent exposure compared to the one-step approach










 





Table 3. Examples of studies that used LPHNs to deliver protein/peptide drugs.
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Type of LPHNs

	
Peptide/Protein

	
Lipid

	
Polymer

	
Preparation Method

	
Disease/Route

	
Results

	
Ref.






	
LC-PS

	
Insulin

	
Dynasan® 116 + Lecithin

	
Cholic acid or Synperonic® F68 or PEG-2000 stearate or PEG-4500 stearate

	
Single-step DESE

	
Diabetes mellitus/Oral

	
Ps: 198 ± 4.7 nm

PDI: 0.24–0.28

Zeta P.: −19.9 ± 0.9 mV

EE%: -----

	
[23]




	
M-LPHNs

	
Insulin

	
SPC

	
PLGA (Av.Mw 9500) or PLGA (Av.Mw 18,000) or PLA

	
A- Ins-SPC complex by anhydrous co-solvent lyophilization.

B- Reverse-micelle + ESE

	
Diabetes mellitus/Oral

	
Ps: 201 ± 25 nm

PDI:-----

Zeta P.: −17.8 ± 8.6 mV

EE%: 88.5 ± 9.7%

RB:7.7%

	
[41]




	
LC-PC

	
Insulin

	
Witepsol 85E/or Compritol 888 ATO/or Precirol ATO 5

	
Low Mw Chitosan

	
Two-step

DESE for SLN + coating by incubation under stirring

	
Diabetes mellitus/Oral

	
Ps: 191 ± 24 nm

PDI:------

Zeta P.: +28.2 ± 1 mV

EE%: 57.3 ± 0.2%

	
[126]




	
LC-PC

	
Insulin

	
Witepsol 85E

	
Low Mw Chitosan

	
Two-step DESE for SLN + coating by incubation under stirring

	
Diabetes mellitus/Oral

	
Ps: 470 ± 32 nm

PDI: 0.63 ± 0.02

Zeta P.: +34.2 ± 3.4 mV

EE%: 52.2 ± 5.3%

RB.: 17.7%

	
[16]




	
M-LPHNs

	
Insulin

	
SPC or NaC 10

	
PLGA

	
A- Ins-lipid complex by self-assembly and lyophilisation.

B- DESE

	
Diabetes mellitus/Oral

	
(SPC) Ps: 202 ± 10 nm

PDI: 0.10 ± 0.03

Zeta P.: −30 ± 5 mV

EE%: 90 ± 7%

	
[120]




	
(NaC10)Ps: 222 ± 8 nm

PDI: 0.12 ± 0.04

Zeta P.: −30 ± 2 mV

EE%: 91 ± 7%




	
M-LPHNs

	
Insulin

	
SPC + trimyristin

	
Methocel A

	
Single-step DESE

	
Diabetes mellitus/Oral

	
Ps: 367.43 ± 9.85 nm

PDI: 0.28 ± 0.01

Zeta P.: −39.4 ± 1.44 mV

EE%: 40%

	
[39]




	
M-LPHNs

	
Insulin

	
SPC + trimyristin

	
PEG400 or PEG600 or propylene glycol

	
Single-step DESE + Filtration under vacuum/freeze drying

	
Diabetes mellitus/Oral

	
Ps: 203.6 ± 21.3 nm

PDI: 0.175 ± 0.029

Zeta P.: −43.3 ± 0.6 mV

EE%: 54.5%

RB.: 5.1%

	
[127]




	
PC-LS

	
Lysozyme

	
Tripalmitin + PC

	
PCL

	
Single-step DESE

	
-

	
Ps: 110.43 ± 1.68 nm

PDI: 0.29 ± 0.024

Zeta P.: −21.77 ± 0.93 mV

EE%:---------

	
[121]




	
PC-LS

	
Lysozyme

	
Tripalmitin + PC

	
PCL

	
Two-step ESE (Solid-in-oil-in-water emulsification)

	
-

	
Ps: 112.53 ± 0.133 nm

PDI: 0.164 ± 0.012

Zeta P.: −2.9 ± 0.04 mV

EE%: 42.85 ± 0.08%

	
[125]




	
PC-LS

	
Lysozyme

	
Tripalmitin + PC

	
PCL

	
Single-step DESE

	
-

	
Ps: 58.04 ± 1.95 nm

PDI: 0.15 ± 0.015

Zeta P.: −32.91 ± 2.94 mV

EE%: 55.36 ± 0.21%

	
[114]




	
LC-PS

	
Salmon calcitonin

	
Tripalmitin + Lecithin ± Miglyol 812 (In case of PEG)

	
PEG-2000 stearate or Chitosan

	
Single-step DESE (PEG)

	
Oral

	
(PEG without Miglyol)

Ps: 226.4 ± 7.5 nm

PDI: 0.25 ± 0.07

Zeta P.: −34.8 ± 2.8 mV

EE%: ≈90%

	
[17]




	
(PEG with Miglyol)

Ps: 207.4 ± 19.1 nm

PDI: 0.18 ± 0.08

Zeta P.: −36.6 ± 2.5 mV

EE%: ≈90%




	
Two-steps DESE for SLN + coating by incubation (chitosan)

	
(Chitosan)

Ps: 537.7 ± 16.6 nm

PDI: 0.43 ± 0.14

Zeta P.: +29.2 ± 6.7 mV

EE%: 30.7 ± 2.3%




	
LC-PS

	
-

	
Tripalmitin + Lecithin + Miglyol 812

	
PEG40-stearate

	
Single-step DESE

	
-

	
Ps: 187 ± 5 nm

PDI: 0.21–0.23

Zeta P:-------

	
[115]




	
PC-LS

	
TRP2/hgp100/p15E (peptides)

	
DOPC + DSPE-PEG-2000

	
PLGA

	
Single-step DESE

	
Cancer vaccination/intradermal

	
Ps: 102 ± 12 nm

PDI: --------

Zeta P:-------

EE%: 30.1 ± 5.1% (TRP2)

EE%: 12.1 ± 2.4% (p15E)

EE%: 2.3 ± 0.7% (hgp100)

	
[34]




	
PC-LS

	
BSA

	
DOTAP + cholesterol + DSPE-PEG(2000) amine

	
PLGA

	
Two-steps

A- DESE + freeze drying (BSA-containing PLGA NPs)

B- Lipid film hydration (Liposomes).

C- Homogenization + sonication + freeze drying (LPHNs)

	
-

	
Ps: 114 nm

PDI: 0.067–0.109

Zeta P.: +4.78–+5.58 mV

EE%: 88.5–98.3%

	
[67]




	
LC-PS

	
Neurotrophic factor hIGF-I

	
Precirol ATO5 or Dynasan114 and Miglyol®

	
Chitosan

	
Two-steps

A-Emulsification to form NLC

B-coating by incubation + lyophilisation

	
Brain disorder/Brain drug delivery after intranasal administration

	
Ps: 114.48 ± 20.20 nm

PDI: 0.287 ± 0.05

Zeta P.: +28.40 ± 2.83 mV

EE%: 90.28 ± 0.4%

RB:--------

	
[119]




	
PC-LS

	
Bromelain: combination of proteolytic enzymes

	
Phosphatidylcholine

	
PLGA

	
Single-step DESE + centrifugation, washing, and resuspension

	
Oral

	
Ps: 209.4 ± 7.30 nm

PDI: 0.134

Zeta P.: −42.1 ± 0.55 mV

EE: 83%

	
[128]








RB: relative bioavailability. NaC10: Sodiu