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			Abstract | Virus-like particles (VLPs) are biological entities at the nanoscale level that are made of viral proteins organized in a morphology that resembles the original virion but lacks the viral genetic material. VLPs are appealing as a system because their proteins can be altered both chemically and genetically, opening up a wide range of potential uses. Virus-like particles (VLPs) are ideal for antigen and medication administration because viruses are strong immune activators and efficient vectors for transporting genetic elements into host cells. Recent developments in VLP platform engineering, activation, and release strategies, in addition to their application to drug administration, are discussed. The utilize of VLPs for drug delivery in model systems is discussed, and various examples of its effectiveness are highlighted.
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			Introduction

			Viral-like particles (VLPs) are consisting of assembled viral proteins at the nanoscale. These structures are devoid of viral genetic material as well as are consequently non-pathogenic (Bai et al., 2008). Dispersed nanoparticles called very long polymers (VLPs) may be manufactured in a wide range of organisms. Due to the presence of a cavity in their structure, VLPs have the potential to be utilized as vehicles for the delivery of biomaterials and nanomaterials, including pharmaceuticals, vaccines, quantum dots, and imaging compounds (Steinmetz, 2010; Chung et al., 2020). Virus-like particles (VLPs) are self-assembled entities of icosahedral or rod form that are composed of viral structural proteins (Pushko et al., 2013). In 1968, researchers discovered these nanoparticle formations in the blood samples of people with Down syndrome, leukemia, and hepatitis. Although it was demonstrated that these particles have antigenic sites on their surface, their actual biological origin remained a mystery (Bayer et al., 2018). It was subsequently established that VLP structures may be formed by the capsid, envelope, and even core viral proteins of some viruses. Recombinant viral proteins may be created in a number of different expression systems, involving prokaryotic cells, plant cell lines, yeast, insect cell lines, as well as mammalian cell lines, can be used to make VLPs in the lab for use in end experiments.

			Chimeric VLPs can be prepared through assembling structural proteins from various viruses; although most VLPs are made utilizing proteins from a single viral species.

			Viral structural proteins have been used in the production of VLPs, and these viruses include HIV, AAV, HBV and HCV, as well as bacteriophages. 

			These particles come in a variety of sizes, with the majority falling between twenty to two hundreds nm. VLPs are very ordered structures that, according to the geometry on which they are based, resemble pathogen-associated structural patterns (PASP) that are readily identified by the immune system’s cells and molecules. VLPs may be broken down into two broad categories, enveloped and non-enveloped, and further subdivided into those with proteins arranged in a single layer, two layers, or more. VLPs are being utilized for a variety of uses. Due to the presence of an internal cavity, these entities possess the capability to function as highly effective carriers for various biological substances, such as proteins, genes, peptides, and minor medications. One notable characteristic of these carriers is their capability to facilitate delivery of targeted drugs. Furthermore, their improved attributes of permeability and retention render them an appealing option for drug delivery to tumor tissues, enabling both therapy administration as well as tumor imaging.

			VLPs have been put to good use in the field of volcanology due to the benefits they provide over more traditional vaccination methods. This is because VLPs are similar in both form and size to native viruses, which allows them to effectively elicit immune responses; additionally, because VLPs lack viral genomes, Replication is not conceivable within the target cells, providing increased safety, especially for immunocompromised or elderly vaccines. Because of their versatility, VLPs may elicit humoral and cellular immune responses, and they can be enhanced by the addition of immunomodulators such stimulants for the innate immune system. Several vaccines depend on VLPs have been licensed to be utilized in the clinic, thus these vaccines are now commercially accessible. 

			A largely exploited application of VLPs is their potential in vaccinology where they can offer several advantages over conventional vaccine approaches (Garg and Dewangan, 2020; Donaldson et al., 2018). Because of their size and shape, which resembles the actual size and shape of native viruses, these structures can efficiently elicit the immune responses and in VLPs lacking viral genomes there is no potential for replication within the target cells, which offers improved safety especially for immunocompromised or elderly vaccines (Balke and Zeltins, 2019). While VLPs can stimulate both humoral and cellular immune responses (Wang et al., 2017) they can also be loaded with immune-modulators, such as innate immune system stimuli to provoke more effective immune responses. Several VLP-based vaccines have been approved for use in the clinic and are now commercially available with others in various phases of clinical trials (Table 1). This review article describes the classification of VLPs and considers the immunogenicity of VLP-based vaccines. Different expression systems for recombinant protein production and production of VLP proteins are discussed. Applications of VLPs as vaccines in the prevention of infectious diseases and cancers as well as their future prospects, are discuss.

			Structural and classification of VLPs

			The ultimate structure of a VLP is generated from the unplanned combination of single or more viral structural capsid proteins. VLPs look and behave like real viruses but shortage either the viral genome or the viral genome in its entirety. VLPs are visually and functionally appealing due to the wide range of structures they adopt. VLPs can take the shape of a sphere, a rod, or an icosahedron according to the viral capsid protein that was used to create them during spontaneous polymerization. The structural complexity of VLPs allows for convenient categorization. Proteins in capsids can be stacked in a single, double, or triple layer structure. Multiple structural proteins may be present in other types of single-layer VLPs. Multi-protein VLPs, in contrast to single-protein VLPs, exhibit complex structures, including the existence of several capsid layers (Figure 1a). Other VLPs, such as those derived from HIV-1 and influenza virus, have a layer of lipid that contains viral surface antigens surrounding the capsid structure, reflecting the lipid envelope found in the natural infectious virus particle. The presence or absence of the envelope provides an additional structural classification for VLPs (Figure 1b). Frequently enveloped VLPs contain a matrix

			Table 1: Vaccines against infectious diseases based on VLP: clinical trial or FDA-approved.

			
				
					
					
					
					
					
					
					
				
				
					
							
							Trade name 

						
							
							Infectious agent 

						
							
							Target disease 

						
							
							Status 

						
							
							Company 

						
							
							Antigen(s) 

						
							
							Expression system

						
					

					
							
							Gardasil @

						
							
							 (HPV)

						
							
							HPV, Types 6, 11, 16, 18, 31, 33, 45, 52, and 58

						
							
							Approved

						
							
							Merck

						
							
							Major capsid protein L1 epitope of HPV types 6, 11, 16, and 18

						
							
							Yeast

						
					

					
							
							Gardasil9R 

						
							
							 (HPV)

						
							
							HPV, Types 6, 11, 16, 18, 31, 33, 45, 52, and 58

						
							
							Approved

						
							
							Merck 

						
							
							Major capsid protein L1 epitope of HPV types 6, 11, 16, 18, 31, 33, 45, 52, and 58

						
							
							Yeast

						
					

					
							
							CervarixR 

						
							
							Virus (HPV)

						
							
							HPV (Types 16 and 18)

						
							
							Approved 

						
							
							Glaxo-smith Kline Inc

						
							
							Major capsid protein L1 epitope of HPV types 16 and 18

						
							
							Insect cells

						
					

					
							
							Sci-B-Vac™

						
							
							HBV

						
							
							HBV

						
							
							Approved

						
							
							VBI vaccines 

						
							
							The 3 epitopes of HBV surface antigen: S, Pre-S1, and Pre-S2

						
							
							Eukaryotic cells (Chinese hamster ovary (CHO) cells)

						
					

					
							
							Mosquirix™ 

						
							
							Plasmodium falciparum

						
							
							Malaria 

						
							
							Approved 

						
							
							Glaxo-SmithKline Inc

						
							
							Plasmodium falciparum circumsporozoite protein fused to HBV surface antigen, combined with HBV surface antigen (S)

						
							
							Yeast

						
					

					
							
							Still no trade name 

						
							
							Influenza Virus

						
							
							Seasonal Flu Clinical trial Phase 3

						
							
							(Clinical trial No.: NCT03301051)

						
							
							Medicago

						
							
							A mix of recombinant H1, H3, and 2 B hemagglutinin Medicago proteins

						
							
							Plant (Nicotiana benthamiana

						
					

					
							
							Still no trade name 

						
							
							Influenza Virus

						
							
							Pandemic Flu

						
							
							Clinical trial Phase 2 

						
							
							Medicago

						
							
							Hemagglutinin protein

						
							
							Plant

						
					

					
							
							COVID-19

						
							
							Still no trade name SARS-CoV-2

						
							
							Virus clinical trial Phase 1 

						
							
							(Clinical trial No.: NCT04450004)

						
							
							Medicago

						
							
							SARS-CoV-2 spike protein

						
							
							Plant (Nicotiana benthamiana

						
					

				
			

			protein located immediately inside the host-derived lipid membrane in which the viral glycoproteins embedded. The requirement for generation of a lipid envelope and the targeting of virus proteins to the lipid bilayer for some VLPs places requirements on the choice of production system that can be used for their generation (Chroboczek et al., 2014). 

			When compared to the lipid envelope seen in naturally infectious virus particles, the lipid layer surrounding the capsid structure of other VLPs, like those generated from HIV-1 and influenza virus, contains viral surface antigens. A further structural categorization of VLPs is based on whether or not they have an envelope. The viral glycoproteins in enveloped VLPs are often encased in a matrix protein that is localized just inside the host-derived lipid membrane. Some VLPs have specific criteria for the production system that can be employed for their development, such as the formation of a lipid envelope as well as the targeting of viral proteins to the lipid bilayer. 

			Manufacturing, purifying, and developing a VLP vaccine

			In general, three primary components comprise the generic manufacturing procedure for a VLP-based vaccine: (A) production-related upstream processing, (B) purification-related downstream processing, and (C) formulation. Cloning the viral structural genes of interest is the initial move in VLP production. Viral structural proteins capable of self-assembly are subsequently expressed in eukaryotic (baculovirus/insect cell, mammalian cell, and plant) or prokaryotic (bacteria, yeast) expression systems. Following the harvesting and lysis of the cells, a clarification phase is executed to guarantee the elimination of contaminating cell debris and aggregates. In order to obtain VLPs that are more intact and purified, additional purification procedures are required, including ion-exchange chromatography as well as ultracentrifugation (Peixoto et al., 2007; Vicente et al., 2011; Hillebrandt et al., 2020).

			Polishing is the last stage in purification and is utilized to get rid of any lingering host cell proteins or nucleic acids. Sterile filtering and formulation are the last stages of the VLPs vaccine production process, resulting in a vaccine that is free of contaminants and highly effective. In the last step of manufacturing process of VLPs vaccine development, sterile filtration and formulation is done to finally achieve a safe, efficient and effective product (Figure 2) (Vicente et al., 2011).
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			Figure 1: Synopsis of the structure of VLPs.

			a As illustrated by the expression of influenza virus hemagglutinin alone or the co-expression of hemagglutinin and neuraminidase, expressed in enveloped VLPs, a single layer can be formed by the expression of 1 (i) or 2 glycoproteins. A single-layer VLP will also result from the expression of over three glycoproteins (iii). 2 (iv) or more than 3 glycoproteins (v) may be present on the surface of double-layered enveloped VLPs, which are capable of forming such structures. b A single protein (i) or 2 proteins (ii) may be utilized in the assembly of single layered non-enveloped VLPs. 2 proteins (iii) or greater than 3 proteins (iv) may be utilized in the construction of double-layered non-enveloped VLPs. In excess of 3 proteins, triple-layered VLPs (v) have been constructed.

			Expression platforms for producing VLPs

			Various expression platforms including prokaryotic, and eukaryotic systems can be used for producing VLP vaccines (Syomin and Ilyin, 2019; Lünsdorf et al., 2011). Eukaryotic systems that have been used include the baculovirus/insect cell (B/IC) system (Syomin et al., 2004), mammalian cell culture (Ren et al., 1997) and plants (Scotti and Rybicki, 2013). In addition cell-free expression systems have also been used successfully. Choosing an appropriate expression system to produce VLPs is a crucial factor to ensure proper protein folding and post-translational modifications (PTM) (Fuenmayor et al., 2017). The quaternary structure of viral capsid proteins can differ in different expression systems due to protein PTMs such as glycosylation and phosphorylation and this may affect the immunogenicity of the vaccine as PTMs are often necessary to stimulate an appropriate immune response (Donaldson et al., 2015). Each expression system has benefits and drawbacks which are briefly highlighted below.
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			Figure 2: An overview of the expression, purification, and formulation of vaccines based on VLPs. There are typically three steps involved in producing a vaccination based on VLPs. The first step is called “Production,” and it entails cloning the viral structural genes of interest and then expressing the viral proteins that have the potential to self-assemble in an appropriate expression platform (in this case, the HEK293T cell line, a mammalian expression system). The final product of this process is a collection of VLPs in the form of noninfectious particles. b Purification phase, which includes downstream processes such as clarification, purification, and refining, culminates in the acquisition of intact purified VLPs devoid of any residual host detritus. c. The formulation stage, during which adjuvants as well as supplementary ingredients are incorporated into the vaccine formulation to attain a final product that is not only secure but also efficient and effective for vaccination purposes.

			Bacteria: Many virus-like particles (VLPs) are manufactured using bacteria, an expression system that is also commonly utilized for the synthesis of recombinant proteins. However, they are not appropriate platforms for manufacturing enveloped VLPs because of variables as a shortage of PTM system, insufficient disulfide bond formation, and protein solubility issues (Huang et al., 2017). 

			Non-enveloped VLPs (Naskalska and Pyrć, 2015) containing only 1 or 2 viral structural proteins may be easily produced in bacteria, making this organism an ideal expression system (Hu et al., 2014; Duffy and Patrick Gorres, 2020; De Filette et al., 2006). 

			A major barrier to vaccination use, especially in underdeveloped nations, is the elevated price of the product. Since a prokaryotic-based expression system has the potential to provide safe and cost-effective vaccinations for worldwide usage, it is frequently considered the best for creation of VLPs vaccines (Lacson et al., 2005).

			Most VLPs are made in Escherichia coli, a kind of bacterium. The advantages of employing an E. coli expression system include high protein expression levels, quick cell growth, low production costs, and easy scalability. For the mass production of low-PTM, tiny proteins, the E. coli expression method is often recommended. Clinical studies using many different VLP vaccines against infectious and non-infectious disorders have begun, all of which were produced utilizing E. coli expression systems. Xiamen’s p239 VLP-based Herculin Hepatitis E vaccine was the first E. coli-expressed vaccine authorized for use against Hepatitis E virus (HEV) (Nardin et al., 2004).

			Yeast: Yeast cells have been utilized to make virus-like particles (VLPs) in addition to expressing recombinant proteins. Due to their many benefits, including fast cell growth, a high yield of expression proteins, scalable, cost-effective production, and a degree of post-translational modification (PTM) processes (Dai et al., 2018), yeast expression platforms, particularly Saccharomyces cerevisiae and Pichia pastoris, are the most popular options. Using yeast expression systems (Keating and Noble, 2003; Block et al., 2006) researchers have developed two vaccines depend on VLPs that have since been authorized by the Food and Drug Administration (FDA). It was recently discovered that Pichia pastoris can be used to manufacture Chikungunya virus-like particles (CHIK-VLPs). Despite these advances, the use of yeast expression systems for VLP generation is restricted due to the absence of complicated PTM pathways (Saraswat et al., 2016). Other possible problems include increased mannose glycosylation, plasmid loss, and decreased protein outputs contrasted to the bacterial expression method.

			Therefore, non-enveloped VLPs are often produced using yeast-based methods. HIV-1 Gag protein VLPs and, on the other hand, have been effectively engineered in yeast systems (Liu et al., 2010).

			Baculovirus/ Insect cells (B/IC)

			For the most part, enveloped and non-enveloped VLPs are produced using the B/IC expression method. This technique is well-suited to the production of vaccines against viruses like influenza that often alter their surface antigens between outbreaks because of the ease and speed with which baculovirus-based VLP (Dai et al., 2018) expression may be accomplished. The benefits of insect cell expression methods for VLP generation include a protein output that is on par with that of bacterial or yeast systems, the existence of complicated PTM pathways, and the formation of multi-protein VLPs. Spodoptera frugiperda (Sf9/Sf21) and Trichoplusia ni (Tn5) are the most common insect cell lines utilized in the production of recombinant proteins (Fuenmayor et al., 2017).

			Cervarix, the HPV vaccine authorized by the FDA, was manufactured utilizing this expression system and comprises VLPs (Dai et al., 2018) based on the L1 protein of HPV16 and HPV18. Prophylactic vaccine candidates against a variety of infectious diseases, including HIV 1, influenza virus A, Chikungunya virus, severe acute respiratory syndrome (SARS), Ebola virus, dengue fever virus, RVFV, Norwalk virus, as well as HCV, have also been obtained using the Baculovirus/insect cell platform (Liu et al., 2010).

			Plant cells

			In contrast to conventional methods, plant expression systems offer a number of benefits, such as fast expression processing, minimal refining expenses, and the ability to produce up to eighty percent of total soluble protein. By leveraging the capabilities of MagnICON as well as CPMV-HT technology, a platform for protein production derived from plants has emerged as a versatile and auspicious invention, enabling the synthesis (Gleba et al., 2005; Shirbaghaee and Bolhassani, 2016) of numerous proteins as well antibodies utilized in the veterinary as well as individuals pharmaceutical sectors for less than $50 per gram. The extensive examination of TMV (Harrison and Wilson, 1999) (Figure 3), which has included landmark developments in the field of recombinant plant-based vaccines, has included genome analysis, the analysis of the viral particles’ three-dimensional (3D) structure, as well as the locating of surface areas that are visible thanks to structural research (Rybicki, 2020). 
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			Figure 3: Numerous experimental vaccines have been effectively developed using noninfectious plant VLPs as their foundation. A substrate for antigen expression on the surfaces of over fifty-five distinct plant viruses has been established, which includes but is not limited to the potato X virus (PVX), cucumber mosaic virus (CMV), alfalfa mosaic virus (AIMV), cowpea mosaic virus (CPMV), and papaya mosaic virus (PapMV). TMV, PVX, CPMV, and CCMV are significantly more stable at elevated temperatures as well pH levels, and they are abundantly expressed in native plant hosts.

			Purification of VLP based vaccines

			It is critical to perform downstream processing for VLP purification in order to guarantee adequate efficacy and safety for clinical application. The initial phase of the purification process, which occurs subsequent to cell retrieval, is determined by the capacity of the VLPs to be liberated into the extracellular medium. Although there have been reports of influenza VLPs produced in insect cell culture being released into medium without special procedures, disruption of the cells may be necessary if the VLP cannot be released effectively. In such cases, cell lysis or an altar-native extraction method may be necessary. The prevailing methodology entails the development of a cloned gene that encodes a protein harboring a potent signal peptide that facilitates release by being recognized by the secretory pathway. In an effort to cut down on the amount of stages and expenses associated with the purification procedure, aggregates and whole cell debris are eliminated from primary VLP preparations via a clarification phase. Critical to the process, VLP concentration as well as capture substantially decrease aggregate volume as well elevate the proportion of VLP concentration to other cellular impurities. Clarification can be achieved through the utilization of diverse techniques, such as cell sedimentation, depth filtration, and micro-filtration TFF. Ultrafiltration/diafiltration (UF/DF) and TFF using membranes or hollow fibers are often employed to separate the VLPs from host cell contaminants such cell debris, digested DNA, or components of the medium. It is also possible to capture VLPs using a bind-and-elute strategy, which involves utilizing the techniques of affinity chromatography, ion-exchange chromatography, plus hydrophobic interaction chromatography. Reducing DNA and endotoxin levels often necessitates further purification procedures, including IEC, HIC, and Super centrifuge.

			To improve the stability, homogeneity, and immunogenicity of the final VLPs product, disassembly and reassembly can be conducted as a standalone process. This stage may involve titration or cross-flow filtration. All remaining impurities from VLP processing must be eliminated in the last purification stage, known as the polishing phase. The IEC, SEC, and UF/DF (often the crossflow approach) are frequently used to do this. Filtration using 0.22 μm sterile-grade filters is used to sanitize the preparations before they are used in the final formulation (Figure 4).
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			Figure 4: Formulation of VLP‐based vaccines.

			The objective of vaccine formulation is to enhance the safety, effectiveness, as well as stability of the vaccine from the time it is stored and transported until it is administered. In order to enhance the effectiveness of VLPs, adjuvants as well authorized excipients are commonly incorporated into vaccine formulations. These excipients serve the purpose of safeguarding VLPs against physical and chemical instability, as well as enzymatic degradation. In the final product formulation, excipients consist of buffers, preservatives, and other stabilizing chemical compounds. In the formulation of VLP-based vaccines, additives including 2-phenoxyethanol, sodium borate/phosphate, polysorbate 80, and l-histidine are frequently employed as buffering agents, surfactant stabilizers, and preservatives, respectively.

			Increased stability in liquid suspension of Norwalk and rotavirus VLPs has been seen after adding carbohydrate preservatives including glycerol, sucrose, and trehalose to vaccination formulations. All polyanions studied were able to stabilize CHIKV VLPs against aggregation, as determined by studying the results of adding a polyanion to the CHIKV VLPs that are unstable at neutral pH.

			 There is no requirement for adjuvants when using many VLPs since their molecular and structural features can raise the body’s defenses on their own. However, adding adjuvants to VLPs vaccine formulations has the potential to boost the vaccine’s immunogenicity and elicit a more targeted immune response. Different types of adjuvants, including aluminum salt-based (Alum) adjuvant, liposome/virosome adjuvant, agonist adjuvant for pattern recognition receptors (PRRs), emulation adjuvant, IL12, chitosan, and bacterial toxin, have all been used for VLP vaccinations. 

			All licensed VLPs vaccines have been formulated with aluminum salts, the most common adjuvant utilized in vaccine production. Alum-based vaccines are made with insoluble aluminum salts like aluminum phosphate, aluminum hydroxyl-phosphate, and aluminum hydroxide. Commercially available VLP-based vaccinations that include aluminum salts adjuvant include Engerix-B (hepatitis B virus vaccine), Gardasil (HPV vaccine), Cervarix (HPV vaccine), and Hecolin (HEV vaccine). Two commercially available examples of VLPs vaccines using virosomal adjuvants are Inflexal (influenza vaccine) and Epaxal (HEV).

			Culture mode utilized for the production of multimeric VLP

			The VLPs were produced using 3 distinct cultivation methods: Batch, fedbatch, and continuous. The yield, productivity, and end product concentration may all be affected by the process design, making it of paramount importance. Keeping your yield as near to the maximum theoretical value as possible might help you save money on your raw materials. The cost of downstream processing can be lowered and manufacturing equipment can be used more efficiently if its use is concentrated on periods of high product concentration and productivity. Many industrial procedures choose the batch mode because of its ease of use and minimal contamination risk. When using a bioreactor for batch culture, all of the media ingredients are introduced at once, and no new nutrients are added throughout the growth phase. However, this procedure seldom reaches its full potential. Major issues with the batch approach include substrate and product inhibition, low viral titers, susceptibility to temperature, low productivity (Balke and Zeltins, 2019), and inefficient utilize of time among batches. Maximum yield of the final product should be the goal, and all nonproductive procedures (bioreactor cleaning and filling, medium formulation, etc.) should be reduced for optimal performance of batch fermentation (Lee et al., 2018). Several VLPs, such as those for HIV (Wang et al., 2017), chikungunya (D’Aoust et al., 2010), and Ebola (Tregoning, 2020), have been evaluated using this method. Substrate inhibition may be avoided in a fed-batch process by shortening the lag period, and the product concentration and yield can be improved by the strategic feeding of concentrated nutrients. The concentration of the limiting ingredient in the feed medium controls the response rate. This method of culture was evaluated in a baculovirus/insect cell expression system for the generation of parvovirus like particles (Rockman et al., 2020) as well as recombinant HBsAg (Baglivo and Polack, 2019).

			Continuous mode allows for maximum output as the culture is in the log phase at this point. Here, the conditioned medium is drained and replaced with new media. This approach allows for continuous production, but necessitates temperature and humidity controlled storage throughout the manufacturing process. In order to generate rabies VLPs, HEK293 cells have been employed to do so (Keech et al., 2020). Continuous modes come in a wide variety, including the chemostat, turbidostat, stressostat, and morbidostat. When it comes to continuous cultivation, chemostat is by far the most popular (O’Donnell and Marzi, 2020). 

			Changing the concentration of the limiting substrate for a given strain allows one to regulate growth rates and product production in a chemostat. Low product concentrations, vast volumes of low-concentration broth produced by the system, and higher potential for contamination are all issues (Proffitt, 2012). When choosing a fermentation method, it’s important to weigh the benefits and drawbacks of each option. Minimum investment required per unit of product yield is the primary consideration when choosing a bioreactor or fermentation process. For instance, measles virus is three hundreds nm-1 mm in size and causes lysis of host cells, making it more difficult to develop a continuous manufacturing process for Host cell proteins (HCPs) and cellular debris rapidly accumulate in the media when a cell is lysed. As a result, debris or HCPs clog the filter pores, making cultivation filtering difficult. This virus is better suited for continuous filtering or repeated batch mode (Grein et al., 2017; Weiss et al., 2015). Table 2 summarizes the yields obtained from the various culturing methods. Vaccines based on viral enveloped particles (VLPs) are produced in stainless steel bioreactors. Single-use technology, on the other hand, is rising in prominence since it cuts down on contamination, expenses, and investment by doing away with the requirement for on-site cleaning and sterilization. However, disposable containers aren’t as effective (Fuenmayor et al., 2017). There are benefits and drawbacks to all three types of cultural practices (Table 3).

			Characterization of VLPs

			Purified VLPs must be characterized biochemically, biophysically, and biologically before their functionality, potency, and stability can be determined during manufacturing of vaccines based on VLPs (Lua et al., 2014).

			Table 2: VLP-based vaccines against different cancers.

			
				
					
					
					
					
					
				
				
					
							
							VLP type 

						
							
							Cancer type

						
							
							 Antigen 

						
							
							Clinical phase 

						
							
							 References

						
					

					
							
							MS2

						
							
							Cervical L2 

						
							
							 L2

						
							
							Preclinical 

						
							
							Zhai et al., 2017

						
					

					
							
							AP205 

						
							
							Cervical (and placental malaria)

						
							
							HPV RG1 epitope (and VAR2CSA PM antigen)

						
							
							Placental

						
							
							Janitzek et al., 2019

						
					

					
							
							AP205 

						
							
							Breast 

						
							
							 HER-2

						
							
							Preclinical 

						
							
							Pouyanfard et al., 2018 

						
					

					
							
							MS2 

						
							
							Breast 

						
							
							xCT

						
							
							Preclinical 

						
							
							Rolih et al., 2020

						
					

					
							
							MS2

						
							
							Breast 

						
							
							xCT

						
							
							Preclinical 

						
							
							Bolli et al., 2018

						
					

					
							
							SHIV

						
							
							Pancreatic

						
							
							hMSLN

						
							
							Preclinical 

						
							
							Zhang et al., 2013

						
					

					
							
							SIV

						
							
							Pancreatic

						
							
							mTrop2

						
							
							Preclinical 

						
							
							Cubas et al., 2011

						
					

					
							
							eCPMV

						
							
							Melanoma

						
							
							Empty

						
							
							Preclinical 

						
							
							Cubas et al., 2011

						
					

					
							
							Cucumber mosaic VLPs (CMV)

						
							
							Melanoma

						
							
							LCMV-gp33

						
							
							Preclinical 

						
							
							Mohsen et al., 2019

						
					

					
							
							Bacteriophage Qβ

						
							
							Melanoma

						
							
							PMEL17, MTC-1, Calpastatin, ZFP518, TRP-2, Caveolin2, Cpsf3l and Kifl8b

						
							
							Preclinical 

						
							
							Mohsen et al., 2019

						
					

				
			

			Table 3: Application of VLPs as drug delivery.

			
				
					
					
					
					
				
				
					
							
							VLP

						
							
							Cargo (Drug, Nucleic acids, Proteins)

						
							
							Application

						
							
							References

						
					

					
							
							Adenovirus (AdV)

						
							
							Bleomycin (BLM), Paclitaxel (PTX), mRNA cap analog

						
							
							Tumor therapy

						
							
							Zochowska et al., 2015

						
					

					
							
							Bacteriophage MS2

						
							
							Doxorubicin, Cisplatin, 5-fluorouracil, siRNA, Ricin toxin A-chain (RTA)

						
							
							Tumor therapy

						
							
							Ashleyet al., 2011

						
					

					
							
							Rotavirus [66]

						
							
							Doxorubicin (DOX

						
							
							Tumor therapy

						
							
							Zhao et al., 2011

						
					

					
							
							Cowpea mosaic virus (CPMV)

						
							
							Doxorubicin (DOX

						
							
							Tumor therapy

						
							
							Aljabali et al., 2013

						
					

					
							
							Cucumber mosaic virus (CMV)

						
							
							Doxorubicin (DOX

						
							
							Tumor therapy

						
							
							Zeng et al., 2013

						
					

					
							
							Hepatitis B virus (HBV)

						
							
							siRNA

						
							
							Tumor therapy

						
							
							Choi et al., 2013 ,

						
					

					
							
							Polyomavirus

						
							
							Methotrexate (MTX)

						
							
							Tumor therapy

						
							
							Abbing et al., 2013

						
					

					
							
							Filamentous (fd or M13)

						
							
							Chloramphenicol

						
							
							Antimicrobial drug

						
							
							Yacoby et al., 2006

						
					

					
							
							Bacteriophage Qβ

						
							
							Azithromycin/clarithromycin

						
							
							Antimicrobial drug

						
							
							Crooke et al., 2019 
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			Figure 5: Analytical techniques for characterization of VLPs. A series of analytical tools has been used for biochemical, biophysical and biological characterization of VLPs. Biochemical method: Matrix assisted laser desorption ionization time of flight-mass spectrometry (MALDI-TOF MS), liquid chromatography–mass spectrometry (LC–MS), sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and reverse phase-high performance liquid chromatography (RP-HPLC). Biophysical method: Transmission electron microscopy (TEM), cryo-electron microscopy (Cryo-EM), atomic force microscopy (AFM), asymmetric flow field-flow fractionation coupled with multiple-angle light scattering (AF4-MALS), electrospray differential mobility analysis (ES-DMA) and high performance size exclusion chromatography (HPSEC), dynamic light scattering (DLS), analytical ultracentrifugation (AUC), Circular dichroism (CD), differential scanning calorimetry (DSC), Cloud point. Biological characterization: Surface plasmon resonance (SRP), enzyme-linked immunosorbent assay (ELISA). MALDI-TOF MS and LC–MS images are reprinted with permission from Elsevier. SDS- PAGE and DLS images are reprinted with permission from Elsevier, RP-HPLC image is reprinted with permission from Elsevier, TEM, A4-MALS and ES-DMA images are reprinted with permission from John Wiley and Sons. Cryo-EM image is reprinted with permission from Elsevier. AFM is reprinted with permission from Elsevier, HPSEC, AUC, CD, DSC, Cloud point and SPR images are reprinted with permission from Elsevier.

			Amino acid sequence, molecular mass, isoelectric point, and purity are only some of the biochemical characteristics of VLPs that may be determined by characterization. The formed proteins’ molecular mass, protein sequences, and amino acid content may all be examined by mass spectrometry (MS). Matrix-assisted laser desorption ionization-time of flight-mass spectrometry (MALDI-TOF MS) can be utilized to assess the molecular weights of VLPs (Figure 5). 

			Molecular mass, disulfide bond links, chemical changes, and PTMs are only some of the structural details made available by the combination of mass spectrometry and liquid chromatography. Therefore, the LC-MS method is an effective characterization tool for use in the manufacture of VLP-based vaccines (Sharma et al., 2020).

			For determining the molecular weight, purity, as well as integrity of VLPs, reverse phase-high performance liquid chromatography (RP-HPLC) (Yang et al., 2015) as well as SDS-PAGE are the most frequently employed techniques. The primary drawback associated with the SDS-PAGE method is its arduous as well as time-intensive nature.

			RP-HPLC methods are esteemed for quantifying the mass and purity of VLP-based vaccines on account of their exceptional sensitivity and reproducibility. Moreover, the RP-HPLC technique can be employed to characterize post-translational modifications in viral glycoproteins as well as facilitate product purity monitoring at both phases.

			VLP-based vaccine as an inducer of adaptive immunity 

			Virus capsids commonly comprise a protein structure which is repetitive in nature and has the ability to activate innate immunity by directly stimulating B cells to generate neutralizing antibodies. As the intermediary between innate and adaptive immunity, DCs are among the most vital components of APC. VLPs typically range in size from ten to two hundred nm. Given that (Manolova et al., 2008). DCs have the ability to ingest particles as small as one hundred to five hundred nm via phagocytosis as well macropinocytosis, VLPs are highly suitable for acquisition prior to the immune system’s (Al-Barwani et al., 2014; Win et al., 2011) presentation of critical epitopes. DCs engage in interactions with VLPs via the identical PRRs that detect natural viruses, (Buonaguro et al., 2006; Bournazos et al., 2017) namely TLRs as well as C-type lectin receptors (CLRs). Following administration via the parenteral or mucosal route, VLP-based vaccines are acknowledged by APCs, including DCs, which subsequently transport them to secondary lymphoid tissues such as the spleen. The process of DC maturation is initiated by the recognition as well as absorption of VLPs, which stimulates the production of pro-inflammatory factors such as TNF-α and IL-1β (Fiebiger et al., 2001). The pro-inflammatory factors enhance the recruitment of lysosomal proteolysis in the DCs as well as augment the activity of APCs. This results in transformation of VLP-based vaccines into small peptides, which are then presented on the dendritic cell surface as an MHC-peptide complex. Concurrently, costimulatory molecules for lymphocytes (e.g., CD80, CD86) manifest on the surface of DCs in order to stimulate B and T cells (Sallusto and Lanzavecchia, 2000). CD4+ T-helper cells are stimulated by the MHC class II peptide and costimulatory proteins. T-helper cells are indispensable for the proliferation and differentiation (Morón et al., 2003) of both B and T cells. Under certain conditions, humoral immunity can be activated directly and independently of innate immunity or T helper cells when B cells detect VLPs. Plasmacytoid DCs (pDCs) can produce antibodies in response to an HPV16-based VLP, which stimulates the production of IFN-α- as well as IL-6. Generally, the ability of VLP-based vaccines to serve as effective substrates for stimulating cellular and humoral immunity is one of their greatest advantages. generation of antibodies is induced by plasmacytoid DCs (pDCs) through the stimulation of IFN-α as well as IL-6 secretion by a VLP based on HPV16. VLP-based vaccines are, in general, effective substrates for inducing humoral and cellular immunity, which is one of their most significant advantages (Figure 6) (Bessa et al., 2013).

			Influenza virus A VLP based vaccine

			In order to produce influenza VLPs, the B/IC expression system has been utilized. Three distinct baculoviruses, each expressing a gene for a different component of the influenza virus, were used to infect Sf9 cells. These viruses encoded for the hemagglutinin (HA), neuraminidase (NA), and matrix (M1) proteins, respectively. Major antigens of the virus are the HA and NA glycoproteins. When these three proteins are expressed together, a VLP is formed that may be collected from the culture supernatant. In comparison to inactivated virus or recombinant hemagglutinin protein alone, the immune response elicited by these VLPs is more widespread. Preclinical outcomes for influenza VLPs produced utilizing transgenic plant technologies have been encouraging (Yuen et al., 2016). 
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			Figure 6: Adaptive immune activation induced by VLP-based vaccine. After administration, a VLP-based vaccine is taken up by APC such as dendritic cells. The phagocytosed VLP-based vaccine is processed and presented by both MHC-II and MHC-I for detection by CD4+ and CD8+T cells, respectively. For induction of humoral immune responses, B cells interact with CD4+ T helper cell (TH) to uptake VLP-based vaccine by B cell receptor. The interaction between CD4+ TH cells and B cells occurs for sufficient secretion of IgG antibodies by plasma cells as well as the generation of B memory cells. For induction of cellular immunity responses, immature CD8+ cytotoxic T lymphocytes (CTL) proliferate and differentiate into effector and specific memory CTL. Effector CD4+ TH cells, increase antigen presenting by APC by secreting cytokines, and also assist activated CTL.

			HIV VLP based vaccine

			Multiple expression systems have been utelized to produce HIV VLPs. HIV VLPs made from S. cerevisiae have made it to the clinical trials, and they contain the structural proteins p17 and p24. Using either transient transfection or stably transfected cell lines, researchers have been able to create HIV VLPs based on the Gag and envelope (env) glycoproteins proteins in a variety of mammalian cell lines. In addition to baculovirus methods, gag-env VLPs have been produced using insect cells stably expressing the HIV proteins (Doan et al., 2005; Pulcini et al., 2013).

			Coronaviruses VLP based vaccine

			Diverse animal coronaviruses have been implicated in the development of severe human diseases. These involve SARS-CoV-1, MERS-CoV, as well as SARS-CoV-2, which has caused a worldwide pandemic most recently. Four structural proteins comprise coronavirus particles: the spike (S) protein, the envelope (E) protein, the membrane (M) protein, and the nucleoprotein (N). Experiments on SARS-CoV-1 VLPs demonstrated that when the SARS-CoV-1 M and E proteins were expressed in a BVES, a smooth VLP devoid of spikes was produced, whereas when M, E, and S were expressed simultaneously, a structure resembling native SARS was generated. These have yet to undergo evaluation regarding their protective capacity (Mortola and Roy, 2004).

			Drug delivery

			In an ideal world, drug delivery vehicles would be non-toxic, encapsulate their payload, elude the immune system, zero in on the cells or tissues they need to reach, and then release their contents in a measured fashion. Since viruses already serve as delivery vehicles for nucleic acids, VLPs are well-suited to achieving these goals. Furthermore, VLPs are adaptable structures that can be genetically or chemically modified in predictable, well-defined, and homogeneous ways. These properties have sparked a lot of interest in employing VLPs as drug delivery vehicles, but there are still obstacles to overcome, such as the VLPs’ intrinsic immunogenicity, their cell/tissue targeting selectivity, and the cargo release mechanism. We’ll talk about how to solve these problems through design and what’s been accomplished recently. In addition, VLPs may be rapidly cleared from the host due to memory activation of the immune response due to preexisting immunity or recurrent doses, resulting in decreased circulation time and diminished drug delivery effectiveness. Consequently, the inherent immunogenicity of VLPs is a major roadblock to their utilization as drug delivery vehicles, and adjustments are required to promote immune evasion. PEGylation, the process of attaching polyethylene glycol (PEG) to the surface of a delivery vehicle in order to conceal it from the host immune system, is the most well-known and commonly used method of immunological stealthing (Zdanowicz and Chroboczek, 2016). 

			Targeting specificity

			Vaccine-like particles (VLPs) can be used to deliver therapeutic payloads to specific tissues or organs since they frequently preserve the inherent tropism of the wild-type virus. JC polyomavirus VLPs, for instance, have been demonstrated to specifically target xenografted human bladder tumor nodules, whereas rotavirus VLPs have been found to specifically target intestinal cells in mice. When it is preferable to target other areas, the inherent tropism of VLPs might be a drawback. Displaying cell-specific targeting ligands allows the VLPs to be retargeted in these situations. One of the most prevalent targets for drug delivery is cancer cells, which frequently overexpress growth-promoting receptors such folate, epidermal growth factor, as well as transferrin. As a result, VLPs presenting corresponding ligands have been widely employed for targeted delivery and absorption by various cancer cells. To a lesser extent, these receptors are also present on healthy cells, which can lead to off-target delivery and cytotoxicity, as well as a decrease in delivery efficiency owing to competition with naturally occurring ligands in the bloodstream. Other targeting ligands have been used to enhance targeting specificity and delivery efficiency.

			Application of VLPs in drug delivery

			Despite VLPs’ widespread recognition for their immunogenic features, researchers have just lately begun to examine the possibility of using these nanoparticles for medication delivery and gene therapy. It is possible for VLPs to entrap proteins, nucleic acids, or other tiny molecules as well as transporting peptides/proteins or other active compounds shown on the surface of the VLPs. This makes them a viable option for transporting the chemicals in question to the target cells, tissues, or organs.

			The absorption of VLPs into cells occurs via receptor-mediated endocytosis. Endocytosis occurs when the plasma membrane encloses the VLPs, forming a vesicle that buds off inside the cell. Once the vesicle has been released from the membrane, it will drop into the cytosol. Once the vesicles have been freed, they travel down the cytoskeleton to merge with primary endosomes. Vesicles mature into the final endosome and fuse with pre-lysosomal vesicles harboring acidic hydrolase to create lysosomes after separating from the main endosome. Lysosomes are responsible for digesting foreign substances and releasing them for cellular use. Around forty percent of newly developed medications are rejected because of inadequate bio-availability, however this is largely attributable to lysosomal degradation, which limits effective drug delivery. 

			To get over this problem, the usage of medication nanocarriers is highly recommended. Several nanocarriers, utilizing a variety of approaches, have been created thus far. VLPs’ capacity to evade lysosomal degradation makes them particularly well-suited for use as drug delivery nanocarriers. VLPs are well-suited for precise medication delivery due to their many desirable properties. 

			These NPs have the potential to improve treatment results by delivering materials in a targeted and intracellular fashion, therefore increasing medication accumulation and bioavailability at target areas (such as tumor tissues) while reducing drug dosage requirements. Some VLPs exhibit innate tropism for a given tissue, which is often attributable to the virus of origin. For instance, HBV-derived VLPs can specifically target liver cells due to the virus’s common mode of infection there. Rotaviruses also have a marked preference for intestinal tissue, and the VLPs that are generated from them can be employed to deliver drugs specifically to that organ. 

			 

			By exposing the receptor-binding region on the VLP surface, more precise targeting can be achieved. The therapeutic benefits of medications can be improved by attaching target domains to the surface of VLPs, which allows the VLPs to preferentially bind to cancer cells that express a certain receptor.

			Nucleic acids can also be transported via VLPs

			A known gene silencer, miR-146a, was shown to be an effective therapy for decreasing inflammatory cytokines in mice vulnerable to systemic lupus erythematosus when it was delivered systemically using bacteriophage MS2 -derived VLPs. In Table 2, we can see some of the ways in which VLPs have been successfully used for drug delivery.

			Drug release

			VLPs follow the same life cycle as their host viruses during their transit into and inside cells. Upon first entering a cell, enveloped viruses normally fuse their lipid membrane with the plasma membrane or the endosomal membrane. Regardless of the exact process, the payload of encapsulated viruses is released very immediately and enters the cytoplasm. The entrance of non-enveloped (i.e. capsid) viruses into cells often occurs by receptor-mediated endocytosis, but they are unable to exit the endosome via membrane fusion, necessitating other, non-fusion mechanisms for release of their molecular payload into the cell. As a result, capping VLPs have been modified to exploit the distinct endosomal environment, which is typically acidic and reducing, in order to induce drug release. An alternative approach involves displaying fusogenic peptides on the surface of the capsid VLP in order to introduce them into the lipid bilayer of the host cell membrane, thereby avoiding endocytosis and entering the cytosol directly. This strategy could prove advantageous for delicate cargoes, such as siRNA, which exhibit instability when exposed to the challenging conditions of the endosomal environment.

			Pharmacological release can only be marginally regulated through activation strategies that incorporate in situ stimuli such as endosomal pH change, proteases, and redox molecules. Photosensitive chemistries, in which the activation and/or release of drug molecules from nanoparticles can be more precisely and spatiotemporally regulated through the application of light irradiation, have garnered attention in recent times. Light therapy exhibits favorable characteristics for biomedical applications due to its profound tissue penetration, minimal cellular toxicity, and substantial tunability in terms of wavelength, intensity, beam diameter, location, and duration. As an advantageous method for regulating the release of drugs, light-activated release of molecular payload from synthetic nanoparticles, viruses, and VLPs has been documented. Photoactivation serves as an additional efficacious approach to stimulate photosensitive therapeutics, in addition to instigating drug release.

			Delivery of small molecule drugs for anti-microbial therapy

			Antimicrobial resistance is a growing problem as bacterial populations adapt to and avoid standard treatments. Drug delivery strategies are a viable therapeutic alternative, and VLPs have been developed to this end. Phage display methods may be used to choose peptide binders that are unique to a certain microorganism, allowing for their targeted elimination. co-delivery of the antibiotic chloramphenicol allowed for tailored medication administration; phage display on filamentous fd phages was used to extract and display peptides unique to the gram-positive bacteria Staphylococcus aureus. When compared to chloramphenicol alone, the fd phages conjugated with chloramphenicol significantly slowed the growth of bacteria by a factor of Twenty. Azithromycin and clarithromycin are two examples of the macrolide antibiotics that have recently been conjugated onto Qβ particles for the management of pulmonary macrophage-dwelling bacteria like Mycobacterium TB and Legionella pneumophilia. The uptake of the VLPs was evaluated both in vitro in RAW264.7 macrophages in addition to in vivo in lung tissue from mice. It was discovered that the VLPs were able to traffic into the RAW264.7 cells in addition to the lungs in a much larger amount than the negative control tolyl-labeled Qβ particles. No reports of effectiveness trials have been made available as of yet (Figure 7). 
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			Figure 7: Different mechanisms of loading platinum-based drugs such as phen Pt and cisplatin into TMV a) Graphical abstract from Lippard, S.J., et al. showing the loading schematic for phenPt loading into wild-type TMV particles (reproduced with permission from ref (Vernekar et al., 2018b) Graphical illustration of the phenPt docking onto the Glu97 and Glu106 residues of TMV as discovered through matrix-assisted laser desorption/ionization–mass spectrometry and nuclear magnetic resonance spectroscopy c) Graphical schematic of the assembly of TMV spherical nanoparticles using a fluorous ponytail interaction (F-TMVCP). Cisplatin was loaded into the F-TMVCP using the same glutamic residues as in b (not shown) (reproduced with permission from ref (Gao et al., 2018).

			Delivery of genes and nucleic acids

			Gene transfer by virus is a natural process. Due to their ability to efficiently encapsulate nucleic acids, VLPs have found widespread application in the transport of genes and therapeutic nucleic acids. In reality, viruses are used as vectors to carry genetic material in more than sixty-seven percent of gene therapy clinical studies across the world. While mammalian viral vectors have long been the foundation of gene delivery systems, more recently plant viruses and phages have been included into the mix. Plant VLPs are proteinaceous in nature, allowing for better cell penetration and end lysosomal escape than some synthetic nanoparticle systems, according to some reports. However, displaying peptides that facilitate cellular absorption and trafficking is a typical method for increasing delivery efficiency. Intracellular vesicles can be a bottleneck for plant viruses and phages since they have not adapted to move freely across mammalian cells.

			Cell penetration ligands like TAT peptide have been added to bacteriophages like PP7 and MS2 for microRNA delivery in an effort to tailor cell trafficking features. Successful i.v. and i.t. delivery of GFP silencing RNA (siRNA) into GFP-expressing hepatocellular carcinoma tumors (MHCC97-H/GFP) in vivo in Balb/c-nude mice was achieved using this designed TMV-TAT system, which also showed improved internalization and acquired endo/lysosomal escape capability. Qβ VLPs loaded with RNAi were modified with cell-penetrating peptides and apolipoprotein E (ApoE) to help them traverse the blood-brain barrier and target malignant brain tumors.

			 

			Nude mice with intracranial U87 brain tumors were treated with a combination of temozolomide and engineered Qβ VLPs administered intravenously. Our lab has developed a method for delivering siRNA to mammalian cells using CCMV VLPs that are tagged with a cell-penetrating peptide (M-lycotoxin peptide L17E).

			mRNA can also be delivered via plant VLPs. Single research looked at using CCMV to transfer the gene for enhanced yellow fluorescent protein (EYFP) from bacteria to mammalian BHK-21 cells. Evidence was presented that encapsulation of the RNA cargo into the plant viral capsid stabilized it, and that transfection of cells with lipofectamine resulted in the nucleic acid being transported and introduced into the cytoplasm of the BHK-21 cells by the VLPs, where it facilitated the expression of EYFP.

			Challenges moving forward and future directions

			Significant advancements have been made in recent years within the domain of viral drug delivery. These involve the utilization of plant viruses to treat canine cancer cases, the implementation of CpG-laden bacteriophages in clinical trials, and the ongoing phase 2 clinical testing of adenoviral COVID-19 vaccine candidates. These instances underscore the fact that the discipline has exited its nascent stage. The science of viral medication delivery has made significant progress, but there are still certain obstacles to overcome. The main problem is figuring out if repeated delivery causes side effects or decreases efficacy due to preexisting or newly developed adaptive immunity against the viral carrier. It’s possible that this will be difficult for conventional drug delivery strategies to overcome when aiming at sick cells and tissues, but surface passivation and immune modification techniques have showed promise. It is less expected that carrier immunogenicity will be an issue when it comes to immunotherapy applications.

			Conclusions and Recommendations

			In this study, we have shown how plant viruses and bacterio- phages may be used as nanomachines, and how they are now widely acknowledged as a type of nanotechnology (Figure 8). VLPs have specialized in drug delivery due of their ability to transport and release cargo.
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			Figure 8: Bubble diagram of the proposed drug delivery and imaging/theranostic platforms discussed in this review by plant viruses, bacteriophages, mammalian viruses, and protein cages.

			Novelty Statement

			This article presents a novel, comprehensive analysis of the plant virome using a recently adopted phylogenomic taxonomy. We explore the evolutionary origins of plant viruses, tracing their lineages back to primordial mobile genetic elements. 

			This combined approach sheds new light on the intricate coevolution of plant and viral genomes, offering valuable insights for plant biologists and virologists.
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Abstract | Virus-like particles (VLPs) are biological entities at the nanoscale level that are made of viral
proteins organized in a morphology that resembles the original virion but lacks the viral genetic material. VL.Ps
are appealing as a system because their proteins can be altered both chemically and genetically, opening up a
wide range of potential uses. Virus-like particles (VLPs) are ideal for antigen and medication administration
because viruses are strong immune activators and efficient vectors for transporting genetic elements into host
cells. Recent developments in VLP platform engineering, activation, and release strategies, in addition to their
application to drug administration, are discussed. The utilize of VLPs for drug delivery in model systems is

discussed, and various examples of its effectiveness are highlighted.
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Introduction

Vral—like particles (VLPs) are consisting of
assembled viral proteins at the nanoscale. These
structures are devoid of viral genetic material as well
as are consequently non-pathogenic (Bai ez a/.,2008).
Dispersed nanoparticles called very long polymers
(VLPs) may be manufactured in a wide range of
organisms. Due to the presence of a cavity in their
structure, VLPs have the potential to be utilized
as vehicles for the delivery of biomaterials and
nanomaterials, including pharmaceuticals, vaccines,
quantum dots, and imaging compounds (Steinmetz,

2010; Chung ez al.,2020). Virus-like particles (VLPs)

are self-assembled entities of icosahedral or rod
form that are composed of viral structural proteins
(Pushko ez al.,2013). In 1968, researchers discovered
these nanoparticle formations in the blood samples
of people with Down syndrome, leukemia, and
hepatitis. Although it was demonstrated that these
particles have antigenic sites on their surface, their
actual biological origin remained a mystery (Bayer ez
al., 2018). It was subsequently established that VLP
structures may be formed by the capsid, envelope, and
even core viral proteins of some viruses. Recombinant
viral proteins may be created in a number of different
expression systems, involving prokaryotic cells, plant
cell lines, yeast, insect cell lines, as well as mammalian
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