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Abstract

:

The continuous evolution of new viruses poses a danger to world health. Rampant outbreaks may advance to pandemic level, often straining financial and medical resources to breaking point. While vaccination remains the gold standard to prevent viral illnesses, these are mostly prophylactic and offer minimal assistance to those who have already developed viral illnesses. Moreover, the timeline to vaccine development and testing can be extensive, leading to a lapse in controlling the spread of viral infection during pandemics. Antiviral therapeutics can provide a temporary fix to tide over the time lag when vaccines are not available during the commencement of a disease outburst. At times, these medications can have negative side effects that outweigh the benefits, and they are not always effective against newly emerging virus strains. Several limitations with conventional antiviral therapies may be addressed by nanotechnology. By using nano delivery vehicles, for instance, the pharmacokinetic profile of antiviral medications can be significantly improved while decreasing systemic toxicity. The virucidal or virus-neutralizing qualities of other special nanomaterials can be exploited. This review focuses on the recent advancements in nanomedicine against RNA viruses, including nano-vaccines and nano-herbal therapeutics.
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1. Introduction


A retrovirus is a kind of RNA virus that modifies a host cell’s genome by introducing a DNA copy of its RNA genome into the cell’s DNA. The gag, pol, and env segments of the single-stranded RNA genome, which encode the structural and functional protein of the virus, have been identified in two copies of the retrovirus encased by a glycoprotein envelope. The advanced therapeutic technology has successfully treated and eradicated potentially fatal viral illnesses like smallpox and poliomyelitis thanks to technological advancements and mass vaccination approaches. Nonetheless, viral infections persist in placing a heavy strain on the international health structure in the present day [1]. There is an ongoing battle where scientists and healthcare providers frequently must compete to develop effective management plans for recently altered or emerging virus strains [2]. Vaccination is the most commonly utilized clinical technique for eliminating viruses, whereby viral antigens are administered to help bestow immunity. Although vaccinations against diseases like measles and hepatitis have been shown to be effective, numerous obstacles stand in the way of the general use of this approach against emerging viral kinds [3]. For instance, during each round of viral replication, the human immunodeficiency virus (HIV) exhibits a high rate of mutation as well as recombination [4]. Nine kilobases of the HIV genome encode for sixteen different proteins, including regulatory (Tat and Rev), auxiliary (Nef, Vif, Vpu, and Vpr), and important structural (Gag, Pol, and Env) proteins. HIV variations often predict how quickly the disease progresses and how the body reacts to antiretroviral therapy (ART). The high rate of mutation is due to poor proof-reading potentiality and error-prone HIV reverse transcriptase (RT) [5]. The principal reason for HIV’s enormous genetic diversity is the viral envelope (Env) glycoprotein’s extraordinary rate of variability, which ironically makes it the prime target of neutralizing antibodies [6]. It can elude the effects of neutralizing antibodies as well as supplemental immune responses because of the rapid rate of mutation, which ranges from 1 to 10 mutations per genome every cycle of replication, broad plasticity in conformation, and considerable shielding of the glycan in surrounding tissue [7]. Another drawback in vaccine advancement is the vast gene variety in viruses. For example, HIV has four groups: HIV: P (pending), N (non-M/non-O), O (outlier), along with M (major). Group M is composed of nine subtypes or clades denoted by the letters A to K. Research has demonstrated that amino acid differences can range from 30% within subtypes to 42% between subtypes. These changes in amino acids are due to changes in genome sequence varying among the subtypes [8]. The difficulty of developing a universal vaccine is increased by the actuality that 10–20% of HIV-infected people in certain African nations have two or more viral variants (subtypes and recombinant forms) that are common in these places [9]. The absence of suitable animal models, inadequate knowledge of the correlates of immune protection, and the pharmaceutical industry’s meagre funding are additional obstacles to HIV vaccine development [10]. The public has been greatly alarmed by recent viral outbreaks in the past few decades, which have been brought on by the coronaviruses, Ebola, Zika, and influenza. These outbreaks have also brought attention to the lack of systems and tactics that can be used for quickly countering new pandemics. It is crucial to create widely pertinent therapeutic approaches which can be quickly implemented in countering infections caused by viruses [11]. Medications which obstruct several phases in the life cycle of a virus are used in common therapeutic techniques against viruses [12]. While antiretrovirals might be fairly successful, they need strict patient biddability and may result in negative consequences and side effects like nausea, diarrhea, lipodystrophy, and skin problems [13]. Developments in nanotechnology can potentially aid in overcoming these challenges and present fascinating chances for growth by providing innovative, all-around nanotherapeutic platforms to treat viral infections. Drug-loaded nanoparticles (NPs) can reduce systemic toxicity and improve pharmacokinetics and pharmacodynamics [14]. Certain nanomaterials can also kill viruses directly because of their inherent antiviral properties [15]. In the recent past, infections have been selectively bound to and neutralized by NPs that have undergone functionalization and manipulation.




2. Retroviruses: The Overview


The Retroviridae family of retroviruses only infects vertebrates and is responsible for several illnesses, such as cancer and AIDS [16]. Retroviruses replicate only by a specific enzyme called reverse transcriptase (RT) and integrate into the genome of the host. Retroviruses typically infect somatic cells. However, retroviruses that are integrated vertically transferred in the following generation when they infect germline cells, resulting in endogenous retroviruses (ERVs). The 1960s saw the discovery of ERVs [17]. Retroviruses have a life cycle that is abruptly split into two separate stages; the stages of infection from cell interaction to viral cDNA integration into the cell genome are referred to as the early phase. In contrast, the expression of viral genes marks the beginning of the late phase, which continues until progeny virions are released and mature. In the early phase, retroviruses must overcome several barriers on their arduous expedition from the surface of the cell to the nucleus. These include the need to navigate the cytoplasm to reach the nucleus, as well as to cross the nuclear and plasma membranes. Additionally, they must avoid or counteract cellular defenses that may obstruct several of these steps. The influx of research on HIV to find novel targets for treatment has improved our knowledge of the retroviral life cycle. Nevertheless, early stages of retrovirus infection remain poorly understood in contrast to subsequent events [18,19]. The particles of the virus adhering to the surface of the intended cell are the first stage of the retroviral replicative cycle. Though it is unclear if specific interactions lead to this binding, it is generally believed that such attachment involves components different from the receptors that initiate the entrance procedure [20]. The entry of HIV in target cells requires receptors like CD4 as well as co-receptors (CXCR4 or CCR5), diverse molecules present on the surface of the cell, like LFA-1, heparan sulfate proteoglycan as well, and nucleolin to allow for the initial adherence of virion to the surface of a cell [21,22]. In HIV-1, mannose present in gp120 identifies DC-SIGN [23]. After binding, retroviral particles engage with the glycoproteins in the viral envelope to enter their target cells by using cell-surface proteins as particular receptors. Many cellular proteins, like GLUT-1 (transporter of glucose) for HTLV and CD4 (T cell surface marker) for HIV, can be used by retroviruses to initiate an infection [24,25].



Viral DNA integration in the genome of the host cell is necessary for the retroviral life cycle for generating the provirus. In order to accomplish this, the reverse-transcribed DNA that is linked to viral proteins and forms pre-integration complexes (PICs) needs to enter the nucleus [26]. PICs from the majority of retroviruses must “wait” for the nuclear membrane to rupture during mitosis since they cannot enter the whole nuclei. It has been demonstrated that the integrase, which has a nuclear localization sequence (NLS), is both required as well as adequate to support the intrinsic build-up of PICs from viruses [27]. Early research on retrovirus integration has shown that parvoviral insertion typically happens in a non-sequence-specific manner, while it might be impacted by nearby chromatin structure [28]. New study areas will certainly be opened by comprehending the specific interactions between cellular and viral counterparts that take place in the initial stages of infection, which can lead to the development of new antiretroviral medications.



Antiviral treatments are becoming considerably more advanced due to improvements in our knowledge of retroviruses and their life cycle. Many antiviral treatments have been created in the last few decades to target different viral components or stages of the viral life cycle, such as genomic replication, fusion, and adsorption [29]. RT and protease inhibitors are examples of antiviral medications that are frequently used to treat HIV.



As of now, there is neither a vaccine nor a treatment for HIV/AIDS. Combination antiretroviral medication has significantly enhanced treatment; nonetheless, it is not successful in cases where the virus develops resistance, must be taken for a lifetime, and has significant adverse effects. Advances in nanomedicine and nanotechnology in the 21st century are revolutionizing the treatment of viruses that have proven recalcitrant to cure. It has the enormous potential to remarkably improve HIV/AIDS prevention and treatment.



2.1. Nanomedicines for Human Immunodeficiency Virus (HIV)


Currently, the most frequent infectious cause of adult mortality worldwide is HIV/AIDS. It has severely harmed social and economic conditions all around the world, especially in emerging nations like those in Sub-Saharan Africa. In nearly 30 years of research, a cure for HIV/AIDS has eluded researchers. Since the US FDA approved the first medication, zidovudine, in 1987, a total of 25 medications have been approved, some of which are accessible in fixed-dose compilation and generic formulations for application in settings with defined resources [30]. However, the development of triple-drug therapy and protease-inhibiting drugs in the 1990s revolutionized AIDS treatment [31]. This ushered in the era of HAART (highly active antiretroviral therapy), involving the simultaneous administration of three or more distinct medication types [32].



Nonetheless, substantial adverse effects can occur from some HAART regimens, and daily dosing of one or more medications is required for the duration of treatment. Additionally, some patients become resistant to specific drug combinations, which makes treatment unsuccessful [33]. The fact that, to date, no full cure for AIDS exists highlights the urgent need for ongoing research into novel treatment modalities. Controlled-release delivery systems that could prolong the half-life of antiretroviral medications and maintain them for long periods in blood circulation at therapeutic quantities can greatly improve the scenario. The use of platforms based on nanotechnology for the requisite delivery of these medications has been developed recently along with nanoparticle-based formulations to enhance the medication, decrease the dose frequency that is needed, as well as address patient acquiescence issues [34].



In this regard, a coating of soy lecithin–liposome has been added to gelatin NPs containing stavudine, a nucleoside analogue, to enable dual-functionalized HIV-1 therapy [35]. Stavudine might be liberated gradually in the bloodstream to assist in treating infections in plasma. Still, after being ingested by mononuclear phagocytic cells, the gelatin core could be broken down to liberate the stavudine, which is left over to treat the reservoir of the virus. Solid lipid NPs (SLNs) loaded with the ritonavir (inhibitor of protease) [36] and core graft copolymer (hydrophobic) packed with NNRTI benzophenone–uracil [37] are two recent instances of platforms based on the nano-delivery system for the treatment of HIV. BIC (Bictegravir), an INSTI (integrase strand transfer inhibitor) approved by the FDA, has shown promising results in the treatment of HIV-1 and SIV infections when taken as a single pill regimentation. An effort has been made to increase adherence; researchers have examined the HIV neutralization efficacy of a new protracted nano-formulation of BIC. Polymeric NPs, especially those composed of poly (lactic-co-glycolic acid) (PLGA), are an attractive drug delivery platform because of their biodegradable as well as biologically compatible qualities. HIV-1 preventive and treatment efforts may benefit from the use of BIC nano-formulation as an effective sustained-drug release delivery technology [38]. There have also been numerous reports on combination therapy strategies that make use of nano-delivery technology [39]. Elvitegravir, tenofovir, alafenamide, and emtricitabine, for instance, have all been evaluated as triple combination technology [40]. The subcutaneous administration of the triple therapeutic nanoparticle resulted in undetectable plasma viral loads in animals infected intravaginally with HIV-1. Visceral ribonucleoprotein, or vaults, is an unusual NP-based platform that has been employed for HIV-1 treatment [41]. Since eukaryotic cells naturally contain barrel-shaped particles, they are believed to be extremely biocompatible. The ability to conjugate antiretroviral medications like tenofovir, zidovudine, and elvitegravir on the surface of vault NPs was demonstrated, and the drug–NP coalesce was successful in inhibiting infections caused by HIV-1 in PBMCs (peripheral blood mononuclear cells).



By the genetic modification of naturally occurring extracellular vesicles with a single chain variable fragment antibody (Ab) component, which has strong binding with gp140 produced on the infected cell surface, nano-formulations are incorporated with supplementary target delivery moiety [42]. The vesicles are injected with curcumin or miR-143 (miRNA-143), a substance that triggers apoptosis, in order to eradicate the particular reservoir of the virus. With HIV-infected cell lines, PBMCs taken from HIV-1-positive patients, and in an animal model with a solid tissue reservoir, the approach demonstrated remarkable efficiency in vitro. Platelet microparticles that deliver lamivudine or tenofovir are different platforms based on biomimetic membrane vesicles which are employed in HIV-1 suppression [43]. Figure 1 depicts NPs as anti-HIV therapy.



Blood–brain barrier (BBB) permeability of individual antiretrovirals presents an important obstacle to antiretroviral therapy (ART), especially in treating viral reservoirs within the central nervous system (CNS). This could lead to neurological manifestations of HIV in the form of HAND or HIV-associated dementia. Researchers have attempted to use cell-based nano-formulations for inhibiting viral proliferation in the nervous system by employing blood-borne macrophages passing through the BBB for ART.



The test was conducted in a mouse model. The ART is made by employing IDV (indinavir) NPs (NP, nanoART) injected into ex vivo-cultivated murine bone marrow macrophages (BMM, IDV-NP-BMM). This study discovered that nanoart can be developed as potential therapeutics for HIV-associated neurological disorders [44].



NPs have the potential to assist in addressing numerous challenges standing in the way of the effective clinical application of RNAi antiviral therapy [45]. Many nanoparticles are used for the delivery of siRNA in cells infected with HIV [46]. For intranasal administration, siRNA targeting Beclin1 has been integrated into cationic PEI (polyethylenimine) nanoplexes, which are biodegradable [47]. Less viral p24 was secreted in the culture supernatant of human astrocytes and microglial cells, indicating that the nanoplexes impeded HIV replication. The nanoplexes were able to penetrate the BBB, reducing the Beclin1 expression level in the brain by 65% when given intraperitoneally to mice in good health. Additionally, ferric–cobalt electromagnetic nanoparticles with beclin1-targeting siRNA have been loaded to treat HIV-1 infections in the CNS [48].



Different formulations of tissue-targeted NPs are created to better manage and prevent HIV infections at specific sites within the tissue. These include formulations for topical or vaginal treatment, along with ones for delivery into the brain for the treatment of neuro-AIDS [49]. Researchers have created hydrogel-core and lipid-shell NPs. MVC (maraviroc) and TDF (tenofovir disoproxil fumarate) were effectively formulated using nanolipogel technology to create ARV-conjugated nanolipogels which are assessed for their physical characteristics and antiviral efficacy against HIV-1 BaL in cell culture. According to the data, hydrophilic small-molecule ARV medication delivery and encapsulation using nanolipogel carriers appears promising. This could lead to an expansion of the nanocarrier system under investigation for HIV prevention [50]. MPLs (multifunctional magneto-plasmonic liposomes) are a composite drug delivery method that combines liposomes with magneto-plasmonic NPs for a ternary-modality approach guided by image, invented by researchers. The antiretroviral medication tenofovir disoproxil fumarate, which is applied for HIV-1 treatment, was enclosed in MPLs that allow for the treatment of the microenvironment of the brain, which is inaccessible to most medications. In MPI (magnetic particle imaging) and MRI (magnetic resonance imaging), the research revealed significant positive and negative contrasts that came from the MPL magnetic center, respectively. X-ray computed tomography (CT) revealed high positive contrast in the gold shell of MPLs. Through magnetic targeting, MPLs were able to achieve increased transmigration across an in vitro model of the BBB.



Additionally, MPLs had the intended therapeutic effects on HIV-infected microglia cells [51]. Using the mannose-targeted poly (propylene imine) dendrimer nanocarrier, efavirenz was administered to human monocytes/macrophages in vitro in a different study [52]. When compared to free medication, the target nanocarrier caused an increase in cellular absorption by 12-fold. Lamivudine was administered utilizing a similar technique, which led to noticeably greater anti-HIV activity for both targeted and nontargeted dendrimer systems as compared to free medicines [53]. In recent work, the medication efavirenz was targeted to macrophages in vitro by conjugating the tetrapeptide tuftsin (Thr-Lys-Pro-Arg) with the same dendrimer [54]. It has been demonstrated that autophagy-inducing peptides, such as Tat-vFLIP-2 or Tat-Beclin1, may eliminate the reservoir of the virus of resting CD4+ T cells in the central memory and macrophages [55]. These particles are coated in lipids. The nanoparticles helped with intracellular transport, and although they caused dose-dependent death in HIV-positive cells, no comparable cytotoxicity was seen in healthy cells. The killing impact was verified in clinically isolated latently infected CD4+ T cells and did not lead to the reestablishment of HIV reservoirs.



Furthermore, for reactivating the cytotoxic T cell pool, lipid-coated PLGA nanoparticles laden with different agents that can reverse latency, like JQ1 or ingenol-3-angelate, have been chemically attached with an anti-CD4 monoclonal Ab via maleimide–thiol click chemistry [56]. The CD4+ T cells were vulnerable to being destroyed by additional antiviral treatments when they were reactivated. When injected subcutaneously into mice, the anti-CD4-functionalized NPs demonstrated a more than two-fold selective deposition in lymphatic cells as compared to the nontargeted formulation. Figure 2 depicts a polymeric dendrimer targeting HIV.



Lactoferrin (Lf) shares a structure with transferrin and is secreted by ectodermal tissue. Lf can be applied to drug nanocarrier functionalization. Additionally, one study has demonstrated that antiviral medications are encapsulated in Lf nanoparticles. Through sol–oil chemistry, zidovudine nano-encapsulation into Lf nanoparticles has been accomplished. Although zidovudine has an excellent 50–75% bioavailability and is an effective antiviral medication, it can also cause organ damage, neutropenia, and bone marrow suppression. The produced nanoparticles in the study had a size of 50–60 nm, a drug encapsulation effectiveness of 67%, and good physical stability at both ambient temperature and 4 °C [57]. Moreover, neither the drug content nor the particle size significantly changed. When lipophilic nanoparticles loaded with efavirenz were taken orally, the anti-HIV-1 effects were equivalent to those of the medication in its free form. Furthermore, drug-loaded nanoparticles had better pharmacokinetic properties and decreased organ toxicity when compared to free efavirenz, suggesting that this nanoformulation is a secure nano platform that can improve drug delivery [58].




2.2. Nanomedicines for Influenza Virus


Influenza viruses are significant respiratory tract infections in humans that cause seasonal epidemics and sometimes global pandemics [59]. Currently, there are only two medications approved by the U.S. FDA to combat various influenza A strains and subtypes: blockers of the matrix-2 (M2) protein ion channel, like rimantadine and amantadine, and inhibitors of neuraminidase, such as zanamivir and oseltamivir [60]. In recent years, drug-resistant strains have evolved, which is a prime reason for concern. Therefore, alternative therapies are required to treat such drug-resistant strains, and nanotechnology plays a crucial role. Antiviral medications are frequently delivered via metal-based NPs to treat influenza infections [61]. Amantadine, a nicotinic antagonist, and a noncompetitive N-methyl-D-aspartate antagonist have been linked with silver nanoparticles (AgNPs) to develop a treatment for influenza that targets NA inhibitors. These agents can impede the replication of influenza viruses. Because the antiviral drug-conjugated nanoparticles prevented intracellular ROS production and caspase 3-mediated apoptosis, they can stop the invasion of influenza and preserve cells [62]. SeNPs, which are selenium nanoparticles, have been modified with oseltamivir, zanamivir, and amantadine in a study conducted by Xia and colleagues in 2018. In addition, to treat influenza infections, SeNPs were also used to deliver umifenovir, an entry inhibitor, and ribavirin, a nucleoside analogue. Another often used platform is polymeric nanoparticles, which have been used to specifically transport favipiravir and miR-323a to influenza viruses using a sialic acid target moiety [63]. Similarly, two strong vacuolar ATPase inhibitors, diphyllin and bafilomycin, were successfully loaded into polyethylene glycol (PEG)-functionalized polylactic acid NPs (PLGA nanoparticles), as well as showed reduced toxicity to cells and increased antiviral efficacy by two and five times, respectively [64]. Research is conducted to investigate the effectiveness of zinc oxide NPs (ZnO-NPs) and PEGylated zinc oxide NPs in combating the H1N1 virus strain. The findings of this study indicate that PEGylated ZnO-NPs could serve as an innovative, potent, and encouraging treatment for H1N1 influenza virus infection. Subsequent research will investigate the precise antiviral mechanism of these nanoparticles [65]. DNA fragments have been used to functionalize titanium dioxide (TiO2) NPs, which have been linked with polylysine to target the 3′ non-coding regions of influenza A virus. This new type of nanocomposite has been found to effectively combat the influenza A virus, and it also has the ability to enter cells without requiring transfection agents [61]. The administration of RNAi treatment via nanoparticulate delivery has been widely used to treat influenza infections. In this regard, gene silencing and preventing influenza viral replication have been achieved by the use of calcium phosphate NPs [66] and chitosan NPs [67]. Titanium oxide nanocomposites are utilized to deliver deoxy ribozymes, which are DNA enzymes capable of cleaving viral RNA. In vitro studies have demonstrated that the use of deoxy ribozymes in reducing H5N1 viral titers could achieve a reduction of approximately 2650-fold. Remarkably, siRNAs have been delivered by silica-coated microcapsules following sol–gel production [68]. The release of siRNA cargo in the cytoplasm could be facilitated by the microcapsules being endocytosed into cells and breaking down. The engineered siRNAs can effectively target the viral nucleoprotein (NP) gene and inhibit the expression of viral proteins by downregulating the target mRNA once they enter the cytosol. The siRNA microcapsules successfully prevented H1N1 replication and were an improvement over transfection using the conventional siRNA/PEI polyplexes. Peptides that can penetrate cells have been used to increase the intracellular distribution of siRNAs since they require entry into the cytosol to be effective [69].




2.3. Nanomedicines for Human T-Lymphotropic Virus


HTLV is an oncovirus family of human retrovirus, well recognized for inducing immune-suppressive and inflammatory diseases. HTLV-1 is the most clinically relevant member of this family and the first infection that has been demonstrated to cause cancer. Nowadays, most people agree that HTLV-1 is among the most prolific human oncogenes [70]. Although about 95% of people infected with HTLV are asymptomatic, the remaining 5% can show malignancy, opportunistic infections, or inflammatory diseases. HIV-1 and HTLV-1 have similar cellular tropism and modes of propagation. HIV-1/HTLV-1 concurrent infection has been studied often, referring to the co-occurrence of these viruses in many regions of the world. According to one of the earliest studies describing co-infection, roughly 7% of people with AIDS or an illness associated with AIDS are also chronic for HTLV-1 [71]. Clinical trials are performed to enhance the efficiency of treatment. Relatively poor results were obtained with chemotherapy (first-generation), which included CHOP (cyclophosphamide, vincristine, doxorubicin, and prednisone) as well as CHOP-like regimens. Clinical trials of regimens based on the Lymphoma Study Group (LSG15) have demonstrated greater efficacy nearly two decades later. A minimum of three drugs are included in LSG15-based regimens: VECP (vindesine, etoposide, carboplatin, and prednisone) and VCAP (vincristine, cyclophosphamide, doxorubicin, and prednisone) [72]. Instead of eliminating HTLV-1-infected cells, the majority of these treatments aim to reduce clinical symptoms. As a result, research is currently focused on medications that may alter the anti-HTLV-1 immune response and lower the proviral load of HTLV-1. Currently, several novel medications or combination therapies for the treatment of ATL are being researched. Anti-metabolites like Cladribine, Clofarabine, and Pralatrexate are under trial. Cladribine is a purine nucleoside analogue which cannot be metabolized by adenosine deaminase. Lymphocytes that possess strong deoxycytidine kinase activity and phosphorylated derivatives of cladribine accumulate, leading to DNA strand breakage and cell death [73]. Cladribine is unique, such that it damages quiescent and rapidly dividing cells. A metabolic inhibitor of folate analogues called pralatrexate can competitively inhibit polyglutamylation by folylpolyglutamyl synthetase, an enzyme, and competitively inhibits dihydrofolate reductase. This depletes thymidine and other biologic substances [74]. The nanoformulation of these drugs can significantly improve the treatment of HTLV infections. Combining nanoparticles for vaccine formulation can stop HTLV-I from spreading. As a delivery mechanism or adjuvant, polymeric NPs like CHT (chitosan) or TMC (trimethylchitosan) might enhance immune responses to peptide antigens. Both NPs have shown potent immune-adjuvant potential and can be used to develop an effective vaccine against HTLV [75].




2.4. Nanomedicines for Hepatitis C Virus


The most prevalent blood-borne viral infection, hepatitis C, is largely caused by the hepatitis C virus (HCV) and affects the liver. The inability of the body to eliminate the virus is responsible for approximately 80% of acute HCV infections progressing to chronic infections [76]. Interferons were the first drug used in HCV therapy, followed by direct-acting antivirals (DAAs) and host-targeted antivirals (HTAs). Even with these advancements in treatment, many people worldwide still lack access to secure and inexpensive anti-HCV medication. Current research efforts are directed towards creating affordable and efficient therapies to guarantee fair accessibility to HCV care. Significant efforts are focused on nanoparticles (NPs) for the delivery of various regimens, encompassing anti-HCV vaccines and diagnostic and therapeutic agents [76]. These drugs were tethered to or enclosed within NPs with varying compositions, including metallic, lipid, and polymeric NPs [76]. The stability of anti-HCV medications has faced numerous obstacles in their attempts to transport them to their intended locations safely. NPs were designed with specific features in mind to address these difficulties, such as maintaining the medication’s impact while reducing the frequency of administration and, in turn, minimizing any potential negative effects. Anti-HCV medications have a sustained impact because of the PEGylation of NPs, drug diffusion control from the NP matrix [77], and electrostatic interactions with carriers that are oppositely charged [78].



Furthermore, nanotechnology can be used to easily protect anti-HCV medicines and increase serum stability [78]. Additionally, nanotechnology can lower the cytotoxicity of some of these therapeutics, like ribavirin (RBV), when coupled with nanoparticle-based delivery, as demonstrated by the decreased hemolytic anemia with NPs [79]. The most important feature of NPs in HCV therapy is their targeted delivery to the liver, which means that anti-HCV medications could be delivered to hepatocytes, which is the primary site of HCV replication. Anti-HCV medications have been known to target the liver by the surface decorating of NPs with particular moieties such as galactose (Gal) [79], hyaluronic acid (HA), or vitamin E (VE) [80].



Iron oxide NPs can target hepatocyte receptors like asialoglycoprotein and HA receptors for delivery to hepatocytes. Since it is extremely difficult to find new medications for the treatment of HCV, ongoing research is being conducted to reduce the off-target effects and toxicities associated with the medications that are currently on the market, as well as to enhance delivery methods using emerging technologies like nanotechnology. For this method, several kinds of lipid, metallic, and polymeric NPs were used and investigated. Several NPs with HA and HA decoration were created with the express purpose of targeting liver cells [81]. When HCV infects hepatocytes, RBV (ribonucleoside analogue) exhibits antiviral action. On the other hand, it heavily accumulates in red blood cells (RBCs), which leads to hemolytic anemia when used frequently [82]. Modifying RBV dispersion by nanotechnology has been thoroughly researched in order to reduce RBC absorption. In polymeric NPs made of poly (D, L-lactic acid; PLA) as well as arabinogalactanpoly (L-lysine; AG-PLL), RBV monophosphate (RMP, prodrug) was steadily loaded. Without causing a large amount of drug release into the bloodstream or accumulation of RBV in erythrocytes, the carrier was able to precisely deliver the medication to the liver. The polymer concentration of arabinogalactan (AG), a polysaccharide with Gal side chains, was the cause of liver targeting. Hepatocytes’ asialoglycoprotein receptor is specifically bound by gal-decorated NPs, causing endocytosis and the release of cargo from inside the liver cells [83]. Figure 3 depicts iron oxide NPs with DNAzyme to target the HCV replication.



Researchers have also created Gal-decorated NPs to deliver RBV to the liver with little cytotoxicity, all without the need for PLL [84]. The interaction between PLA and the poly (L-glutamic acid)/AG [PLG–AG] conjugate produced these NPs. There have been reports of other polymeric NPs based on poly (glycerol adipate) (PGA) as an RBV delivery system that targets the liver and reduces RBC buildup. According to this study, NP absorption was substantially greater in HCV-infected cells than in nonviral-infected cells. Additionally, galactosylated-α,β-poly(N-2-hydroxyethyl){[(2-aminoethyl carbamate)] was loaded with the tripalmitate prodrug of RBV. The prodrug’s entrapment efficiency is enhanced by the -co-[2-(1,2-dipalmitoylsn-glycero-3-phosphoethanolamine-N-succinyl)-amidoethylcarbamate]}-D,L-aspartame (PHEA-EDA-DPPEGAL) copolymer because of its high hydrophobicity [84]. Researchers have created a customized nanozyme (48 ± 2 nm, 14 ± 1 mV) with AuNPs as the core and two neighboring components as the shell: endoribonuclease (RNase A), which is complementary to the target HCV RNA at 322–339 nucleotides, and DNA oligonucleotide, which can cut HCV RNA [85]. A test using nanozyme RNase activity revealed that the enzymes worked along with oligonucleotides to specifically target and cleave HCV RNA into two pieces according to particular sequence and location requirements, resulting in a 99.9% reduction in HCV RNA levels. Consequently, these intracellular nanomachines are powerful treatments against HCV through significant cooperative mechanisms, together with strong target stability and safety. With a superior safety profile and patient compliance than interferon-based regimens, DAAs were able to completely transform the treatment of HCV. When using DAAs, a few mild adverse medication responses, such as headache, gastrointestinal problems, and exhaustion, have been documented [86,87]. Widespread use of these medicines against various genotypes has been approved by the FDA [86]. Figure 4 illustrates a functionalized nano enzyme used to target the hepatitis C virus.



The two main issues with these DAAs are their cost and the potential for resistance to develop as a result of viral alterations. There have been no reports of DAAs as nanomedicines yet. Researchers ought to be encouraged to investigate the various advantages that could be applied to DAAs through the use of nanotechnology.




2.5. Nanomedicines for SARS-CoV-2


Public health is particularly worried about virus-related diseases, and the latest SARS-CoV-2 pandemic shows once more how dangerous viral infections are to life as we know it [88]. SARS-CoV-2 caused a pandemic in December 2019. This resulted in a public health disaster. Scientists all around the globe investigated the creation, manufacturing, and standardization of SARS-CoV-2 quick diagnostic tests and therapy due to the COVID-19 pandemic’s consequences on the world economy, public health, and shortages in medical and diagnostic infrastructure [89]. Together with its physicochemical characteristics, nanomedicine may offer a treatment strategy that can help end the conflict between CoVs and host cells. NPs that have viral antigens or antibodies covering them could be applied to SARS-CoV-2 and any resurgence of CoV. Organic NPs have been used to supply targeted antivirals, such as acyclovir, zidovudine, dapivirine, and efavirenz, as well as to improve drug bioavailability and boost effective drug delivery action [90]. The main disadvantage of antivirals is that they do not target specifically, which results in host cell cytotoxicity that organic NPs can counter. Antimicrobial medication nanoencapsulation may lead to the development of safer COVID-19 and other viral illness treatments [91]. Magnetic nanoparticles (MNPs), which have emerged as an encouraging thermodynamic tool in biomedical applications involving drug administration, diagnostic imaging, and innovative therapies, are a result of the rapid advancements in nanomedicine. Extensive preclinical and clinical research has demonstrated their ability to target delivery, regulate drug release, functionalize, and follow an image. Through active or passive targeting, MNPs can concentrate at the intended site where they can functionalize with targeting ligands and medications to increase therapeutic efficacy [92,93].



Dexamethasone is an anti-inflammatory steroid. According to reports, dexamethasone medication reduced the number of patient deaths linked to COVID-19 by 35%. The NFs of dexamethasone were postulated based on the widely held belief that NPs aggregate potently in macrophages upon intravenous injection and inhalation. A few persistent, potentially fatal SARS-CoV-2 symptoms include the emergence of cytokine storm, oedema, and fibrosis. Three different methods that dexamethasone nanomedicines may aid in the daily management of COVID-19 disease have been proposed [94]. Firstly, by targeting inflammation, initiating phagocytic cells of myeloid, lungs, blood, and the lymphatic system. Secondly, the anti-fibrotic action potential of the nanomedicine dexamethasone formulation will be improved to satisfy an urgent medical need to manage COVID-19. One very effective anti-edema medication is dexamethasone. Lastly, nano-formulating can further enhance this impact by gradually boosting medication availability and drug action in hyper-activated immune cell populations in the inflammatory portions of the lung.



In order to mitigate cytokine storms and their associated pathological effects, macrophage-targeted nanomedicines may be utilized to improve patient outcomes in cases of severe COVID-19 infections [95]. The origin and structure of the NPs used in macrophage-targeting approaches can vary greatly. Still, there are two main pathways through which macrophage uptake usually happens: non-specific phagocytosis, which is passive targeting controlled by the physical properties of NPs, or endocytosis, which is active targeting mediated by receptors [96]. These NPs mainly aggravate inflammatory or infected areas. Different techniques can be used to design natural or synthetic NPs such that they can more easily target macrophages.



Gold nanoparticles can be employed in vaccinations, colorimetric-based viral detection assays, and as virucidal agents to strengthen mucosal cellular immunity. Titanium can operate both as a virustatic and virucidal agent. Because of their virucidal characteristics, silver nanoparticles stop the virus from infecting the host cell. The nanoparticles of iron oxide are employed in SARS-CoV-2 vaccines, have antiviral qualities, and are applied for quick viral elimination and detection. Silica nanoparticles are used as a preventive measure against viral entry into target cells, as well as an adjuvant vaccination. In addition, silica can be employed in sandwich immunoassay detection based on fluorescence [97].





3. NanoVaccines


Recently, NPs have shown great promise in the field of medicine due to their unique physiochemical properties, tiny size, and improved surface-to-volume ratio, which facilitates the absorption, conjugation, and encapsulation of molecules for target delivery [98]. The creation of vaccinations is essential to the successful management of a number of deadly illnesses. Nevertheless, effective preventative and therapeutic vaccinations are still needed to fully eradicate fatal illnesses, including cancer, malaria, HIV, and severe microbial infections. As a result, proper vaccination candidates must be created to trigger the right kind of immune response. It has been discovered that nanotechnology plays a special role in vaccine design, giving them increased efficacy and specificity. Over the past ten years, there has been a lot of interest in using nanoscale materials like virus-like particles, liposomes, polymeric NPs, and protein NPs as possible delivery vehicles for vaccine antigens and adjuvants [99]. These materials offer several advantages, including enhanced antigen stability, targeted delivery, and prolonged release, because the antigens and adjuvants are either encapsulated within or decorated on the surface of the NP. The numerous difficulties faced in the creation of vaccines can be addressed by engineering immune responses through the flexibility of nanomedicine design [100]. In order to create viral-mimicking NPs, we must act and think like viruses and make use of the many alluring qualities that they have to offer. We can employ a variety of variables, such as age susceptibility, the environment, and the affinities of individual viruses to particular cells, tissues, and organs, to accomplish targeted and selective delivery. For these reasons, using viral shells as nanocarriers for the creation of nano vaccines may be the best option. The genetic component within the virus’s shell is the most toxic and dangerous part. However, by studying the various viral shells that have coexisted with humans for years and creating synthetic structures that mimic them, we can create a variety of nanocarriers that have distinct viral-mimicking qualities [99]. Viral characteristics such as immune system evasion, physiochemical traits, biodistribution, tissue tropism, specialized high-affinity receptors, cell entrance, and endosomal escape make them interesting candidates for application in the development of nano drugs and nano vaccines [100].



In the nearly three decades following the discovery of HIV/AIDS, the hunt for a secure and reliable vaccine has been difficult. Lipid-based methods have been extensively studied for delivering HIV/AIDS vaccines. A previous study [101] showed that the HIV gp160 protein encapsulated in a liposome and administered nasally to mice produced high titers of neutralizing antibodies specific to gp160. The liposomes were created by combining cholesterol, phosphatidylethanolamine, sphingomyelin, phosphatidylserine, and phosphatidylcholine. Additionally, the HIV gp41 protein was given using a range of liposome sizes (110–400 nm), which caused mice and rabbits to develop robust antibody responses. Since there are currently no vaccines that may cause an antibody response to HIV that is broadly neutralizing, it seems unlikely that an antibody response to a monovalent encapsulated antigen will be sufficient for an HIV vaccine that sterilizes [102]. Therefore, it is necessary to develop these nano-delivery systems to incorporate a range of HIV epitopes, possibly even ones that are designed to promote antibody response production and access to regions of the HIV glycoproteins that are not evoked by acute HIV infection. The use of NPs as a delivery mechanism, however, in this work decreased the amount of HIV antigen and flagellin (adjuvant) required to produce a cellular response (proliferation and IFN-γ production) that is comparable to that seen with Freund’s adjuvant [103]. With ICMVs, the benefits of HIV Env trimer nanoencapsulation over soluble antigen have also been shown.



Trans-mucosal immunization remarkably produces very strong protective mucosal immune responses. For instance, because chitosan not only promotes mucosal vaccine delivery but also significantly increases antigen-specific IgG and IgA antibody responses, it has been suggested as a penetration enhancer to increase the trans-mucosal bioavailability of the HIV envelope glycoprotein (CN54gp140) vaccine. HIV vaccine’s permeability across mucosal barriers can be significantly increased by using nanotherapeutic approaches [104]. Recently, epidermal Langerhans cells (LCs) were the target of a study that used DNA and a polymer to create artificial “pathogen-like” nanoparticles in the 50–24 nm range. In order to transport targeted DNA to LCs, they effectively encapsulated the DNA using polyethyleneimine (PEI) that was altered by covalently bonded mannobiose molecules. Following topical administration of the nanoparticles, the human participants exhibited strong immunological responses, as the nanoparticles effectively loaded the vaccine into the LCs to travel into lymph nodes [105].



It is ideal to have complete protection in the mucosal respiratory tract against the influenza virus. Thus, research into NP vaccinations against the influenza virus is carried out. A combination of VLPs and TIV used to immunize mice is one of the most basic NP vaccines tested against the influenza virus. Based on IgG, IgG2a, and IgA titers in blood and bronchoalveolar lavage samples, the VLP/TIV combination was found to be more effective than free TIV for inducing anti-influenza immunity, particularly following intranasal immunization. Additionally, rabbits immunized with influenza whole virus (WV) encapsulated into the mucoadhesive carrier chitosan were able to successfully immunize their nasal mucosa with NPs [106,107]. In mice, an NP vaccine against H5N2 was generated by encapsulating the trimer of H5 hemagglutinin in polyanhydride NCs. This approach resulted in a strong TCD4+ response and large titers of neutralizing antibodies. Additionally, animals were found to be considerably protected following an H5N2 nasal challenge [108].



In order to stop HTLV-I from spreading, a reliable vaccine is needed. As a delivery mechanism or adjuvant, polymer-based NPs such as chitosan (CHT) and trimethyl chitosan (TMC) might enhance immune responses to peptide antigens. Recombinant proteins (env23 and env13) of gp46 were loaded into CHT and TMC NPs using the direct coating of antigens with positively charged polymers. Each antigen-loaded CHT and TMC NP measured approximately 400 nm in size. For four weeks, the physical stability of NPs was monitored. For roughly fifteen days, both formulations proved to be stable. Following the nasal and subcutaneous immunization of mice, the immunogenicity of NPs loaded with antigens was investigated. At intervals of two weeks, three immunizations totaling 7.5 µg of antigen were administered. Both of them have shown better immunoadjuvant properties. Env23 has better potential as an antigen for an effective HTLV vaccine [75].



The membrane-anchored SARS-CoV-2 full-length spike (S) protein is encoded by the mRNA-based vaccine BNT162b2, which is encased in lipid NPs and has two proline mutations changed to prevent S in a prefusion conformation [109]. Furthermore, the mRNA exhibits an N1-methyl-pseudouridine base alteration for uridines in order to improve protein expression and suppress the innate immune response [110]. After the initial two intramuscular doses of thirty micrograms of BNT162b2 mRNA, the antibody titers start to decline a few months after the final immunization; hence, a booster dose is required. Research has demonstrated that chitosan and its derivatives possess potential anti-SARS-CoV-2 action, operate as useful adjuvants in vaccines, and exhibit direct antiviral activity [111]. For instance, plasmid DNA encoding the nucleocapsid SARS-CoV-2 was delivered intranasally using chitosan nanoparticles as a stimulant. This causes the SARS-CoV-2 spike protein to be secreted, which, in a rat model, can compete with the live coronavirus for binding to human ACE2 receptors [112].




4. Nanoherbals


Although there are many medicinal plants available worldwide, it is yet unknown how to use plant components or secondary metabolites to treat severe retroviral diseases like HIV. Numerous secondary metabolites found in plants possess the ability to combat this virus and other opportunistic viruses. The use of allopathic medications causes mutations in the human body, and the excessive cost worries both the medical community and the patients. An inexpensive, side-effect-free alternative nanomedicine for retroviral illness is a medicinal plant using nanotechnology. Plants were essential to human life in the ancient era. Our forefathers started to recognize the uses of plants for food, medicine, and leisure as they advanced in civilization. They created their medical system by repeatedly trying and failing to determine the right application, dosage, and procedure for therapeutic herbs. Alkaloids and flavonoids, two types of secondary metabolites found in plants, may have the ability to combat viruses and manage viral illnesses [113]. Because traditional medical systems are less expensive and have fewer side effects than Western medicine, they are becoming more and more popular as an alternative. For instance, 40% of people in China, 71% of people in Chile, 40% of people in Colombia, and approximately 65% of people in India rely on traditional medicine for their basic requirements. Their use in the treatment of a few serious illnesses, such as HIV/AIDS, has also been discussed. However, the absence of scientific evidence and analysis renders it unacceptable in today’s society. Therefore, in order to separate the active components from medicinal plants, it is crucial to perform phytochemical, in vitro, and in vivo analysis and fractionation. The only treatment option for this viral illness other than pharmaceuticals may be the use of medicinal herbs.



Rubia cordifolia, commonly referred to as Indian madder or common madder, is a type of flowering plant in the Rubiaceae family that has been shown to have anti-HIV properties. Quinolizidine, alkaloids, lectins, non-protein amino acids, tannins, and alkylsterols are found in R. Cordifolia [113]. By reducing the expression of the LTR gene and the synthesis of the p24 antigen, the extract demonstrated the possible suppression of HIV. To test against HIV in vitro, several plant parts, including leaves, stems, roots, and entire plant extracts, were produced using isopropyl alcohol and water. There was encouraging anti-HIV activity found in the extracts. In traditional medicine, Rhizophora lamarckii, also known as Red Mangrove, has been widely used to treat leprosy, asthma, backaches, fever, lesions, sore throats, jaundice, and lesions. Stable nanoparticles with a size of 12–28 nm were created by the aqueous plant extracts that were employed to decrease the silver ions to nano size. The reverse transcriptase enzyme was inhibited by the nanoparticles, demonstrating potent anti-HIV-1 action even at low doses. The binding of nanoparticles greatly enhanced the plant extract’s anti-HIV efficacy [114]. Numerous antiviral traits of the Rhizophora species, including those against HIV and hepatitis B virus, have already been demonstrated [115].



Silver NPs (AgNPs) are the subject of most investigation because they have been known to be used for centuries to treat burns and wounds in traditional medicine. The scientific evidence supporting the antibacterial activity of silver nanoparticles has been investigated and verified by numerous researchers [116]. In one such study, Alysicarpus monilifer leaf extract was used to synthesize AgNPs, which showed promise in combating two common infections in HIV-positive individuals: coagulase-negative staphylococci (CoNS) and methicillin-resistant Staphylococcus aureus (MRSA), types of bacteria that primarily cause opportunistic infections related to tuberculosis.



Combining natural remedies with pharmaceutical nanotechnology can result in positive and promising therapeutic outcomes. When plant extracts and poorly soluble phytoconstituents are delivered by nanoformulations, improved clinical and therapeutic outcomes may result [117]. Phytoconstituents with antiviral potential have been delivered via a variety of delivery systems, including hydrogels, phytosomes, microspheres, transferases, self-nano emulsifying drug delivery systems (SNEDDSs), etc. Numerous effects were demonstrated by these nanoformulations, including higher therapeutic action, delayed metabolism, improved oral solubility, and systemic bioavailability. In one instance, intestinal absorption was accelerated by chitosan nanoparticles containing EGCG and catechin [118]. Myricetin is a naturally occurring flavonoid that was found to have a much higher solubility profile when it was placed into a polymeric nanoparticle carrier [119]. The red blood cell encapsulation of flavonoids can increase their bioavailability and antiviral activity. The erythrocyte membrane’s oxidative damage was lessened by the flavonoids [120]. According to a number of studies, RBCs are essential for the transportation and accessibility of quercetin in the bloodstream [121]. It is surprising to discover how flavonoids in chitosan particles still have antioxidant properties and can be employed to fight circulatory free radicals [122]. Quercetin was successfully encapsulated using the most uniformly distributed kind of polylactic acid-4 nanoparticle, allowing for the delayed release of quercetin [123]. Researchers increased Apigenin’s oral bioavailability by adding apigenin to the water-in-oil emulsion technique [124]. Baicalein’s low permeability and solubility led researchers to employ a micellar composition containing sodium taurocholate and Pluronic P123 copolymer as carriers, which greatly enhanced baicalein’s oral absorption [125]. By adding oleanolic acid to SMEEDS, its systemic bioavailability was increased [126]. PLGA was employed to create andrographolide-loaded microspheres in order to get around these restrictions [127]. Studies have shown that silver nanoparticles (AgNPs) were synthesized using methanolic extracts of ginger (Zingiber officinale) and strawberries (Fragaria ananassa Duch.) in order to test their SARS-CoV-2 inhibitory potential [128]. The development of nanotechnology for Indonesian Jamun to combat SARS-CoV-2 is the subject of several investigations [129].



East Asians have traditionally included the edible algal fucoidan in their diets. The polymer has been found to possess a number of medicinal properties recently, including antibacterial, antithrombotic, antiviral, anti-inflammatory, and anti-cancer properties. It was possible to create fucoidan nanoparticles with effective drug loading and release. Additionally, the polymer has been utilized to coat several inorganic and organic NPs, giving these systems biocompatibility properties. Researchers reported using cyanoxyl-mediated free radical polymerization to prepare fucoidan mimic glycopolymer. When tested against the herpes virus, the synthesized polymer exhibited antiviral activity that was analogous to those found in natural polymers [130]. The rhizomes of the plant Curcuma longa contain curcumin, which has anti-inflammatory, anti-apoptotic, and antioxidant properties that have biological effects. Curcumin can regulate both viral replication and inflammation in influenza infections, according to some of the most important findings about the drug. Research indicates that curcumin’s antiviral and anti-inflammatory properties could offer therapeutic benefits in managing harmful inflammation in COVID-19 patients [131]. In an outpatient context, the oral nanoformulation of curcumin can dramatically shorten the recovery period for individuals with mild to moderate COVID-19 [132].




5. Conclusions


Nanotechnology can have a measurable impact on multiple viral diseases, including HIV/AIDS therapy and prevention. Antiretroviral medication delivery by nanotechnology platforms may improve treatment choices. The efficacy of treatment may be enhanced by better patient adherence to medication schedules fostered by a controlled and prolonged release of the medications. Targeted nanoparticles against specific receptors have been used for delivery to specific cell types like macrophages, which are important HIV viral reservoirs, using ligands such as mannose, galactose, tuftsin, and fMLF peptides. In the future, it may be possible to enhance the treatment of viral reservoirs by delivering two or more antiviral medications using a nanoparticle system. Nanomaterials can prevent viral replication and also act as carriers for antiviral drugs. Some inorganic nanoparticles, such as silver and fullerene dendrimers, can improve the antiviral properties of other molecules, like gold nanoparticles, or have antiviral effects themselves. Nanotechnology has the potential to improve newer therapeutic methods like gene therapy and immunotherapy. One of the most active areas of nanotechnology research is the nonviral delivery of siRNA. Early research indicates that vaccinations against HIV/AIDS based on nanotechnology may also be promising. NPs are an excellent substitute for viral vectors because of their capacity to selectively target particular cells and release antigens in a regulated and prolonged manner. In animal investigations, it has been demonstrated that lipid- and polymer-based nanoparticles can trigger HIV-specific antibodies and cellular immune responses. In the future, the only source of alternative medicine for the treatment of HIV and other opportunistic viral illnesses may be medicinal plants’ secondary metabolites combined with NPs or nanomedicine. More studies are required, coupled with validated proof employing single herb or multi-herb formulations for managing HIV viral illness, as there has only been a small amount of research conducted so far utilizing medicinal plants and nanoparticles.



The current pandemic caused by COVID-19 highlights the fact that despite the significant technological advancements of the past century, modern medicine is not adequately equipped to handle the emergence of new viral infections. As researchers continue to work tirelessly to develop a vaccine to halt the spread of SARS-CoV-2, nanotherapeutics can serve as a temporary measure to slow down the progress of the virus. Treatments for coronavirus-related infections may involve the use of virucidal nanomaterials and nanodecoys [133]. Silver-based nanomaterials such as AgNPs, Ag nanowires, and Ag colloids have been proven to hinder porcine-transmissible gastroenteritis coronavirus infections in swine testicular cells [134]. Different kinds of nanomaterials have been demonstrated to suppress Middle East respiratory syndrome coronavirus (MERS-CoV) and FcoV, respectively. These include GO–AgNP conjugates [135] and polyanionic dendrimers [136]. Graphene’s antiviral properties have recently been applied practically, whereby surgical masks are coated directly with the material to achieve self-sterilization [137]. When it comes to clinical translation, antiviral nanotherapeutics face a number of significant obstacles that must be taken into account. Even though a large number of nano drugs have been licensed for use in human patients, any new nanoscale platform technology must have its safety profile thoroughly assessed. Many benefits come with using drug vectors to release bioactive natural compounds in a controlled manner through a range of nanoformulations: they are non-toxic, biodegradable, able to incorporate both hydrophilic and lipophilic chemical compounds, have a longer half-life in circulation, can target specific organs or tissues, lessen the toxicity of the active ingredient, and frequently increase its bioavailability [138]. The antiviral activities of nanomaterials and nanodecoys, in particular, need to be demonstrated in the context of minimal toxicity. Considering the above literature review, it is very clear that nanotechnology-based nanomedicines will certainly have great promise and overcome the existing challenges of drug delivery.
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