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Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is a contagious virus that spreads exponentially across the world, resulting in serious viral pneumonia. Several companies and researchers have put their tremendous effort into developing novel vaccines or drugs for the complete eradication of COVID-19 caused by SARS-CoV-2. Bionanotechnology plays a vital role in designing functionalized biocompatible nanoparticulate systems with higher antiviral capabilities. Thus, several nanocarriers have been explored in designing and delivering drugs and vaccines. This problem can be overcome with the intervention of biomaterials or bionanoparticles. The present review describes the comparative analysis of SARS infection and its associated etiological agents. This review also highlighted some nanoparticles that have been explored in the treatment of COVID-19. However, these carriers elicit several problems once they come in contact with biological systems. Often, the body’s immune system treats these nanocarriers as foreign particles and antigens. In contrast, some bionanoparticles are highlighted here with their potential application in SARS-CoV-2. However, bionanoparticles have demonstrated some drawbacks discussed here with the possible outcomes. The scope of bioinspired nanoparticles is also discussed in detail to explore the new era of research. It is highly essential for the effective delivery of these nanoparticles to the target site. For effective management of SARS-CoV-2, different delivery patterns are also discussed here.
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INTRODUCTION
Severe acute respiratory syndrome (SARS) is a viral respiratory infection that happens due to the coronavirus and becomes a global threat upon their appearance. Back-to-back appearance, wider spreading, genetic mutation of etiological agents, and high mortality rate become a growing concern to human beings (Swelum et al., 2020). In the last two decades, the world has observed three occurrences of pandemics such as SARS coronavirus (SARS-CoV), Middle East Respiratory Syndrome Coronavirus (MERS-CoV), and SARS coronavirus-2 (SARS-CoV-2) (Debnath et al., 2020). However, no adequate or approved drug has been developed yet (2002–2021) against this CoV family. Thus, the current focus is based on the development of vaccines and repurposing medicines. It has been observed that the genome of COVID-19 is 80% similar to that of the first SARS in 2002 (Zheng, 2020). Therefore, there is a need for detailed analysis to understand the typical patterns of this class of infection and etiological agents. This comparative study will help target/inhibit a particular site of this virus with opportunistic drugs or particulate matter for effective infection management.
Nanotechnology has become an emerging area of interest consisting in the manipulation of material in different fields, including biology, chemistry, and engineering. The nanomedicine approach has been demonstrated as a new strategy to amplify anti-infective activities, localize delivery to the infection site, reduce off-target effects, and reduce the chances of drug resistance (Yang et al., 2019). Several novel approaches have been developed to fabricate nanomaterial or nanoparticles for different purposes. Several nanoparticulate systems have been designed to combat the SARS infection by applying nanotechnology. This review covers all different types of nanoparticle-based strategies recommended or used to treat SARS infection and highlights the selection reasons. Surprisingly, there is not enough progress in scale-up and their availability in the market.
One of the most critical barriers nanomaterials face is the protein corona (PC). It develops once nanomaterials or nanovectors interact with the circulatory proteins in vivo. This PC plays a central character in triggering the immune response and causes immunological toxicity (Park J. Y. et al., 2021). Additionally, these materials may exhibit toxicities ranging from no toxicity to high toxicity. This review highlights potential barriers and possible ways to resolve them. The possible intervention to address these problems is the introduction of bionanoparticles to treat SARS infection. Bionanomaterials are derived from biological origins with a molecular structure in nanoscale dimensions. These bionanomaterials have demonstrated several advantages: cost-effectiveness, environmentally friendly, controlled physicochemical properties, and reproducibility.
These viruses can be detected by targeting different components, like nucleocapsid protein, spike protein, small envelope protein, and ORF1ab sequence in RNA-dependent RNA polymerase genes (Udugama et al., 2020). Detection methods available for COVID-19 are antigen, antibody, and molecular tests. The molecular test is the most common detection method based on the detection of nucleic acid. This test helps detect the genetic materials of SARS-CoV-2 in the patient sample. Viral RNA is isolated first and proceeds for reverse transcription-quantitative polymerase chain reaction (RT-qPCR) that transforms viral RNA into DNA and then amplifies to produce millions of copies. Afterward, a detection probe determined the viral genetic material of patients. The RT-PCR method is designated as the gold standard due to fewer drawbacks. In contrast, clustered regularly interspaced short palindromic repeats (CRISPR) draw significant attention in nucleic acid detection due to their simplicity, high sensitivity, specificity, and rapid analysis. CRISPR proteins cut the target region complemented with CRISPR RNA (crRNA), followed by cleavage of the surrounding nucleic acids (Ganbaatar and Liu, 2021).
This review has shown a brief outlay of different types of bionanomaterials that may serve as a potential candidate to eradicate the SARS infection. SARS is especially a respiratory infection. Targeting drugs to the lungs or respiratory tract is a big challenge using any conventional or nanoparticulate form due to less available drugs at the infection site and non-specific targeting. Therefore, effective delivery patterns have been discussed here to give an overview of delivering medications to the infection site. The fabrication of nanoparticles or bionanoparticles is often time-consuming and produces lots of waste. The scientific community pits their enormous efforts into the novel fabrication process of bionanomaterials to meet industrial scalability. Bioinspired materials have been discussed here to understand their scope in treating SARS. This review will guide the researchers to explore several new areas for better management of SARS infection.
COMPARATIVE ANALYSIS OF SARS INFECTIONS AND ETIOLOGY
Coronaviruses are the largest RNA viruses. SARS-CoVs and SARS-CoV2 are RNA viruses that contain the largest genomes in the RNA virus family. They belong to the same subfamily, family, and order of Coronavirinae, Coronaviridae, and Nidovirales, respectively. This subfamily includes four genera such as α-, β-, γ-, and δ-coronavirus. Of these genera, two α-CoVs (HCoV-NL63 and HCoV-229E) and two β-CoVs (HCoV-OC43 and HCov-HKU1) cause mild respiratory symptoms. γ- and δ-CoVs strains are primarily observed in avian species (Davidson et al., 2020). MERS-CoVs, SARS-CoVs, and SARS-CoV2 fall in the β-coronavirus genera. These human coronaviruses (hCoVs) consist of 3′ polyadenylated tails and 5′ methylated caps. The 5′ terminal region is the non-structural part containing genes responsible for viral replication. The 3′ terminal region is responsible for encoding different types of proteins, such as spike protein, membrane protein, nucleocapsid protein, and envelope protein (Debnath et al., 2020). The spike protein consists of two subunits: S1 and S2. S1 unit acts on the virus binding to host receptors, and S2 unit induces fusion between viruses and the host membrane followed by genome penetration into host cells cytoplasm.
Genomic Comparison
Among all RNA viruses, the genome size of CoVs is smaller (26–32 kilobases or kb) than the planarian of secretory cell nidovirus (41 kb). Human CoV and MERS-CoV have demonstrated a larger genomic size (30.11 kb) than SARS-CoV (29.75 kb) and SARS-CoV-2 (29.9 kb) (Zhu et al., 2020). After performing the comparative genomic analysis using zPicture, at the nucleotide level, the genomic sequences of both the stains have extremely high homology (Xu et al., 2020). In total, 89% of the nucleotide identity of the SARS-CoV2 genome has matched with that of the SARS-like-coVZXC21 (derived from the bat) and 82% with human SARS-CoV (Chan et al., 2020). Six differences have been identified between these two stains and numbered RD1 to RD6. RD1, RD2, and RD3 show partial coding sequences of the orf lab gene, whereas RD4 and RD5 are the partial coding sequences of the S gene. RD6 is part of the coding sequence of the orf7b and orf8 genes. These RDs are the new target sites for drugs and help develop new drug molecules for SARS.
Proteomic Comparison
All encoded proteins of both SARSs are found as highly homologous (95–100%), indicating the evolutionary similarity with only differences in the orf8 and orf10. In SARS-CoV-2, the amino acid sequence of orf8 is unlike the arrangement of orf8 or orf8b obtained from earlier human SARS-CoV. The amino acid of N-protein for SARS-CoV is identical up to 90% to SARS-CoV (Gralinski and Menachery, 2020). It signifies that the drugs and nanoparticles used to target the N-protein of SARS-CoV are equally effective in SARS-CoV-2 infection. N-antibodies do not show any immunity to SARS-CoV2. However, they had cross-reactivity against SARS-CoV. Moreover, 99% similarity has been observed in the spike stalk S2 of both SARS coronaviruses. Thus, S2-targeted nanoparticles or drug-loaded nanoparticles will serve as an ultimate opportunistic treatment to eradicate this infection (Chan et al., 2020).
Cellular Entry and Viral Transmission
As discussed earlier, the spike protein is the most crucial structural protein that engages itself in the interaction between host cells and CoVs. All CoVs enter host cells by adhering to functional receptors on the host surface. In this activity, angiotensin-converting enzyme 2 (ACE2) present in the host body helps bind and allow CoVs to invade the host body. ACE2 is homologous with an angiotensin-converting enzyme (ACE) but is not invited by ACE inhibitors. In the presence of ACE, Ang I is transformed to Ang II that is further metabolized in the presence of ACE2, and carboxypeptidase results in the formation of vasodilator and angiotensin 1–7. ACE2 plays the primary function in balancing the renin-angiotensin system (RAS), which is more critical in regulating Ang I and Ang II into Ang 1–9 and Ang 1–7, respectively (Tikellis and Thomas, 2012). This ACE2 system is associated with several critical pathways to prevent hypertension, diabetes mellitus, heart failure, and myocardial infarction. Therefore, this ACE2 is linked with several physiological activities like negative regulation of RAS, facilitating amino acid transport, and serving as a receptor for CoVs. The binding domain of SARS-CoV2 with ACE2 is substantial compared to SARS-CoV due to some chief amino acid residues. Due to this binding affinity, SARS-CoV2 has demonstrated the greatest pathogenicity in humans. Once bound with SARS-CoV2, ACE2 loses its function, which is driven by endocytosis and the process to proteolytic degradation (Gheblawi et al., 2020). Therefore, recombinant ACE2, Ang 1–7 analog, gene-delivery of Ace2, and Mas receptor agonists are some possible therapeutic options to activate RAS.
INTERVENTION OF NANOPARTICLES IN SARS INFECTION
In the last couple of decades, the application of nanoparticles has increased significantly in drug delivery to overcome the limitations associated with free drugs. These nanoparticles have several promising applications, such as improving the solubility, drug residency, targeted delivery, controlling the release of drugs, and delivering combinational drugs. Not only drugs but these nanoparticles are also employed in developing vaccines by encapsulating antigens to prevent their degradation (Figure 1). Here are some nanoparticles designed to combat SARS-CoV-2 (Table 1).
[image: Figure 1]FIGURE 1 | Mechanism of different metal nanoparticles against SARS-CoV-2.
TABLE 1 | Summary of different types of nanoparticles explored for SARS-Co-2.
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Several types of nanoparticles are used as drug carriers to demonstrate the therapeutic activity. Whereas metal-based nanoparticles stand a vital role in presenting their activity without incorporating drugs. Numerous activities of metal-based nanoparticles are already well documented, like blocking the host-virus interaction in Monkeypox virus, competitive inhibition of herpes simplex virus, prevention of viral binding of hepatitis B, inactivation of tacaribe virus, and retarding viral attachment with glycoprotein to HIV-1 virus (Sadiq et al., 2021). These examples suggest that the metal-based nanoparticles work on different mechanisms like blocking viral replication and inhibiting viral attachment between host and virus. For a therapeutic intervention, restricting the viral entry of SARS-CoV-2 is an opportunistic approach. Thus, different metal-based nanoparticles are explored to combat COVID-19. Silver possesses several antimicrobial and antiviral activities. It shows effective killing efficiency to bacteria, fungi, and viruses. The positive charge of silver ions (Ag+) elicits the antimicrobial effects through distinct mechanisms. Due to these activities, silver nanoparticles (AgNPs) have been explored to inhibit SARS-CoV-2 (Jeremiah et al., 2020). Particle diameter around 10 nm of AgNPs effectively inhibited the extracellular SARS-CoV2 at the concentration range of 1–10 ppm. With an increased concentration of 20 ppm, these AgNPs showed a cytotoxic effect. AgNPs are highly potent microbicides and also found effective against SARS-CoV-2. Due to the broader activity, the formulation of Argovit® silver nanoparticles reached the clinical trial stage (Cluster de BIoeconomia de Baja California, 2021). In this study, the effects of nose rinse and mouthwash with Argovit® are expected to prevent COVID-19 infection in high-risk groups in Tijuana Hospital, Mexico.
US food and drug administration (US FDA) already approved iron oxide nanoparticles to treat anemia. These iron oxide nanoparticles (Fe3O4 and Fe2O3) were explored to interact with the spike protein of SARS-CoV-2 and found a strong interaction with this binding site (Abo-zeid et al., 2020). This interaction is interrelated with viral protein conformational changes. Thus, it is needed to initiate a clinical study on iron oxide nanoparticles in COVID-19 patients. Some phytoconstituents and nutraceuticals are found effective against SARS-CoV-2. These materials are safe, cost-effective, and readily available and have lower side effects. Zinc oxide nanoparticles (ZnO NPs) were prepared to incorporate such types of material (Attia et al., 2021). Hesperidin was isolated from orange peels and showed the highest docking score. ZnO NPs and hesperidin alone and in combination were tested on hepatitis A virus, an RNA virus. ZnO NPs showed more potent activity than hesperidin. Thus, hesperidin-mediated ZnO nanoparticles can be an optional approach to treat COVID-19, which needs to be confirmed through clinical evaluation. ZnO NPs have been used as disinfectant nanospray (El-Megharbel et al., 2021). These ZnO NPs showed higher antiviral activity against SARS-CoV-2 at the cytotoxic concentration of CC50/IC50 ≤ 1. These ZnO NPs showed antiviral activity at IC50-526 ng/ml. However, these nanoparticles showed the cytotoxic effect on host cells at CC50-292.2 ng/ml. Thus, to reduce cellular host toxicity, ZnO NPs can be complexed with other compounds in a different ratio. Therefore, a mixture of various metal nanoparticles was also tested on SARS-CoV-2. TPNT1, a metal nanoparticle composed of Au-NP, ZnO-NP, and ClO2, was prepared in an aqueous solution (Chang et al., 2021). In in vitro setting, this TPNT1 inhibited six significant clades of SARS-CoV2 with a concentration range used in food additives. This material blocked the entry of SARS-CoV-2 by inhibiting spike proteins in binding with the ACE2 receptor. All these examples suggest that metal nanoparticles play a role in eradicating the SARS-CoV-2 infection. Combining all metal nanoparticles with appropriate proportions can be the best option in managing COVID-19.
Lipid Nanoparticles
Lipid nanoparticles (LNPs) draw significant interest due to their biocompatibility, ease of industrial scale-up, safe, and non-toxicity. A wide range of therapeutic agents, including small drug molecules to biotechnological products, can be delivered using these types of formulations. LNPs were explored to encapsulate messenger RNAs (mRNA) encoding the receptor-binding domain of SARS-CoV2 in developing a vaccine (ARCoV) (Zhang N. N. et al., 2020). mRNAs have emerged as an opportunistic platform for vaccine development. Intramuscular administration (mice and non-human primates) of this mRNA LNP provoked antibody neutralization against SARS-CoV2 and Th1-based cellular response. Two doses of ARCoV eradicate the viruses in immunized mice. Currently, this vaccine is under phase II clinical trials. Due to its superior action, this vaccine can be granted for phase III clinical trials.
A different mRNA vaccine was designed in a separate study by encapsulating the SARS-CoV-2 human Fc-conjugated receptor-binding domain in lipid nanoparticles (Elia et al., 2021). Mostly ionizable amine lipids promoted nucleic acid for endosomal escape, followed by cellular uptake. Additionally, these lipids also increased the encapsulation efficiency of nucleic acid. A phase 1 trial was conducted with two lipid nanoparticle formulations containing nucleoside-modified RNA vaccine: BNT162b1 and BNT162b2 (Walsh et al., 2020). These vaccines provoked SARS-CoV-2 neutralizing geometric mean titer in a dose-dependent manner. The BNT162b1 encoded the SARS-CoV-2 spike RBD and demanded it as a potential vaccine candidate. This vaccine-induced robust γ-interferon T-cell response in younger to older Chinese adults (Li et al., 2021). However, some local and systemic events have been reported with this dose-dependent vaccine, sometimes mild to moderate. Despite these unwanted events, this vaccine has an acceptable safety profile. Another vaccine, BNT162b2, also has a favorable safety profile and is highly effective against COVID-19. Apart from the regular two doses, an additional third booster dose was given to improve immunity over time and protect from the delta variant. Another promising and equally efficient vaccine is mRNA1273, formulated with lipid nanoparticles. A phase 3 randomized clinical trial was recently conducted with an mRNA-1273 vaccine (Baden et al., 2021). Two mRNA-1273 intramuscular injections were given to patients, and the primary endpoint was fixed to prevent COVID-19 illness. These LPNs-based vaccines demonstrated 94.1% efficacy in preventing COVID-19 without adverse issues. US FDA has authorized this vaccine under emergency use to prevent COVID-19.
The soluble form of human angiotensin-converting enzyme 2 (hACE2) binds with SARS-CoV-2 spike protein and restricts the viral entry into target cells. This soluble recombinant ACE2 improves the lung’s injury. However, the main barrier in the therapeutic application is its short half-life. Thus, synthetic mRNA was encoded with a soluble hACE2 that was further packed with lipid nanoparticles and transferred to mammalian cells to enhance the production of secreted proteins (Kim et al., 2020). This lipoidal formulation was administered via the intravenous route that led to hepatic delivery of mRNA. Within 2 h of administration, elicited secretion of soluble hACE2 was observed, and the level was maintained for 6 h. Soluble hACE2 was detected in the bronchoalveolar lavage fluid after 24 h and persisted up to 48 h.
Lipid-derived TT3 nanoparticles were used to deliver NASAR (optimum combination of 5′ and 3′ untranslated regions of mRNA) mRNAs to trigger the expression of SARS-CoV-2 antigens (Zeng et al., 2020). The antigen-specific antibodies induction was observed twofold more than the previously approved LNPs material MC3 in vaccinated mice. Thus, it was believed that these NASAR mRNAs could be an alternative to SARS-CoV-2 vaccines. In vaccine development, self-amplifying RNA encoding SARS-CoV-2 spike protein was also used by encapsulating it within LPNs (McKay et al., 2020). Dose-dependent SARS-CoV-2-specific antibody titers were observed in mouse sera and successfully neutralized both pseudo-virus and wild-type virus. This neutralization was proportional to the amount of specific IgG. This LNP immunization induced Th1-based responses in mice. Additionally, no antibody-dependent enhancement was observed.
Despite the development of several emerging vaccines, no efficient vaccine has been identified in targeting this novel coronavirus. In an attempt, a highly effective small interfering RNA (siRNA) therapy was developed using a novel LNP delivery system (Idris et al., 2021). Three siRNA candidates were effective and inhibited the virus up to 90% alone or in combination. These siRNAs were successfully delivered to the lungs, mainly damaged due to the SARS-CoV-2 infection. These LNP-siRNA approaches are scalable from industrial prospects and recommended once the first sign of COVID-19 infection is observed in humans. Therefore, this formulation can be an adjunctive therapy to current vaccine strategies.
Polymeric Nanoparticles
Polymeric nanoparticles are the primary type of nanocarriers. These nanocarriers can change the pharmacokinetic profile of drugs by modifying the release kinetics. Likewise, they elucidate the required drug concentration for optimum biological activity. These nanoparticles can be fabricated by several techniques like spray-drying, ionic gelation, solvent evaporation, living or free-radical polymerization, polymer dispersion, and nanoprecipitation. They possess several additional advantages over other types of drug delivery like site-specific delivery, low toxicity, improved cellular uptake, controlled release drug molecules, and modified degradation. Nanoparticles with a size range of 100–500 nm can target the cytoplasm (polyisobutyl cyanoacrylate and polyethyleneimine shell). In contrast, particles sizes between 10 and 200 nm can adsorb drugs in the matrix and prevent the unwanted degradation of drugs (Rana, 2021).
Poly(lactic-co-glycolic acid) (PLGA) is one of the most effective biodegradable polymeric nanoparticles. The US FDA approves it due to its low toxic profile, biocompatibility, and sustained and controlled release properties. This polymer is employed to deliver several antiviral drugs in the COVID-19 treatment. Ivermectin-loaded PLGA-b-PEG-MAL nanoparticles were prepared to deliver a more potent antiviral dose and avoid protein spike binding and its receptor ACE2 (Surnar et al., 2020). The targeted nanoparticles containing ivermectin inhibited the nuclear transport activities using proteins, such as importin α/β1 heterodimer. These nanoparticles were not immunogenic, resulting in no initiation of immune cell activation after accumulating at alveolar lung cells. Several drugs were explored to complete the eradication of this COVID-19. Remdesivir is a potent antiviral drug found effective against SARS-CoV-2. A combination of molecular docking with dissipative particle dynamic simulations was used to design ACEI-containing remdesivir-loaded PLGA nanoparticles to improve clinical outcomes (Wu et al., 2020). In this formulation, a lisinopril molecule covalent graft was employed onto PLGA to encapsulate remdesivir. These nanoparticles were spherical with increasing the concentration of remdesivir and underwent precipitation due to high remdesivir loading. PLGA nanoparticles are also prepared for sustained release of the drug at the target site. Oseltamivir phosphate (OP) is an oral antiviral prodrug. It works in therapy after activating into carboxylate form. This drug was encapsulated into PLGA nanoparticles to develop an efficient and prolonged release antiviral drug delivery system (Ucar et al., 2021). This formulation development aimed to target the spike-binding peptide-1. This formulation showed sustained release of OP over 2 months. Thus, it can be an adequate formulation in the treatment of COVID-19.
The advanced understanding suggests a new approach to developing a drug by focusing on the host cells instead of targeting causative agents. The infectivity of SARS-CoV-2 relies on the binding with protein receptors. Nanosponges were prepared using human cell-derived membranes for medical countermeasures (Zhang Q. et al., 2020). For this fabrication, human lung epithelial cells were coated onto PLGA nanoparticles. This coating allowed nanosponges to inherit the viral receptors that retard the entry of coronavirus into the host cells. These PLGA nanocarriers are the most studied polymeric platform for DNA vaccine development as they show improved antigen-specific responses. Composite of PLGA nanoparticles (PLGA+ chitosan; PLGA+ polyethylenimine) was explored to improve the efficiency of DNA loading and systemic protection (Chauhan et al., 2020). Previously, stimulator of interferon genes (STING) agonist-loaded hollow PLGA nanoparticles were prepared for safe and effective vaccination against MERS (Lin et al., 2019). The release of STING agonists from this hollow PLGA was attributed to reduced systemic reactogenicity, prominent local immune activation, and a pH-responsive release profile. After antigen conjugation, these nanoparticles facilitated the co-delivery of antigens and STING agonists to the immune cells and lymph nodes for immune potentiation. These previous experiences suggested that this biodegradable polymer is the ultimate weapon in designing vaccines.
Carbon Nanomaterials
Carbon-based nanomaterials (CBNs) are a growing field of drug delivery. The main reason behind this is their diverse structural and physicochemical configurations. Functionalized CBNs are extensively used to deliver different nanomedicines in numerous diseases. The classification of carbon-based nanomaterials depends on their size. These materials show excellent optical properties. Additionally, these materials have a higher drug-loading capacity, lower immunogenicity, and improved biocompatibility (Debnath and Srivastava, 2021). CBNs are found to be effective against 13 single-stranded RNA viruses, including SARS-CoV-2. Due to the negligible or low toxicity, these materials are the opportunistic therapeutic approach to treat COVID-19 pneumonia and co-associated with other viruses, bacteria, fungi, and multi-drug resistant organisms (Serrano-Aroca et al., 2021b). These materials consist of carbon, a vital element of the human body. Apart from this, they are biodegradable and biocompatible and promote tissue regeneration. They possess a high surface area that helps functionalize or interact with other biocompatible polymers to improve biocompatibility and efficacy. SARS-CoV-2 infection is associated with several physiopathological changes and interferes with several pathways after reaching organs. CBNs induce the production of angiogenic factors followed by the initiation of signaling pathways by promoting the proliferation and differentiation of endothelial cells or mesenchymal stem cells (MSCs). These MSCs are not infected with SARS-CoV-2. Thus, these MSCs become a promising approach to treat COVID-19 patients with moderate and/or severe infection. These stem cells downregulate Th1 and Th17 inflammation immunity and upregulate the anti-inflammation immunity of Th2 and Treg cells. Studies showed that graphene materials interact with viruses via binding and wrapping mechanisms. These materials act as virustatic inhibitors, resulting in the inhibition of virus interaction with host cells (Mallakpour et al., 2021). A series of graphene derivatives altering the length of aliphatic chains were synthesized to investigate the inhibitory activity against SARS-CoV-2 (Donskyi et al., 2021). The coronavirus’s replication was inhibited by disrupting the viral envelope with long alkyl chains (>C9). This study demonstrated strong antiviral activity in a large concentration window without eliciting the toxicity to human cells.
TYPE OF BIONANOPARTICLES EXPLORED FOR SARS-COV
Many biomaterials are designed as drug carriers like nanoparticles, microparticles, or capsules. These biomaterials play a vital role in mitigating the issues associated with the therapeutic administration (Ertas et al., 2021). These nanoparticles can be fabricated from several materials, such as synthetic polymers, polysaccharides, and proteins. These nanoparticles have a wide range of applications in overcoming the current therapeutic challenges of SARS-CoV-2 (Table 2).
TABLE 2 | Examples of bionanoparticles explored for SARS-CoV-2.
[image: Table 2]Protein Nanoparticles
Protein nanomaterials are a promising candidate for drug delivery due to their inherent characteristics like biodegradability, less immunogenicity, nontoxicity, less immunogenicity, and higher storage stability. They are easy to fabricate, and manufacturing scale-up is also possible.
Albumin
Albumin is the most crucial protein in blood plasma and possesses several physiological activities. Albumin-sensitive cases are rare in individuals. Albumin nanoparticles are non-toxic, non-immunogenic, biocompatible, and biodegradable. The residue of albumin degradation is amino acids used to make body proteins. This protein has several functional groups and can bind with a significant amount of drugs. It is well documented that the COVID-19 infection is associated with increased cytokine levels, blood coagulation, NETosis, and a decrease in albumin levels. Drug-loaded albumin nanoparticles can be an opportunistic approach to restore the clinical outcomes associated with this infection. PEGylated nanoparticle albumin-bound (PNAB) derivatives were developed to improve the sustained bioactivity of steroidal ginsenoside saponins, such as PNAB-Rgx365 and PNAB-Rg6 (Park H. H. et al., 2021). Prepared PNAB ginsenoside effectively reduces NETosis-related factors and histone H4 in plasma and improves systemic inflammation in COVID-19 patients admitted to ICU. This study confirmed that these drugs effectively reduced the cytokine storm and tissue damage and enhanced the survival rate.
Additionally, these conjugated materials effectively reduce vascular inflammation and the formation of blood clotting. In animal model-based validation, this formulation demonstrated special applications like prevention of tissue damage, improved survival rate, and suppression of cytokine storm. In this ongoing pandemic, repurposing existing drugs is ideal for developing effective medication to fight COVID-19. A self-assembling technique was developed to synthesize niclosamide (NIC) loaded zinc nanoparticles that were further coated with bovine serum albumin (BSA) (Rejinold et al., 2021). The introduction of BSA improved drug stability, selectivity towards virus-infected cells, and injectability. The optimized particle size of the BSA-stabilized zinc-NIC nanohybrid was less than 200 nm. This hybrid drug delivery system is beneficial for treating COVID-19 patients suffering from high endothelial glycocalyx damage, followed by cytokine storm related to severe inflammation.
Gelatin Nanoparticles
Gelatin (denatured protein) is obtained from the collagen base of animals. This protein is a polyampholyte type containing anionic (glutamic and aspartic amino acids), cationic (amino acids lysine and arginine), and hydrophobic groups (leucine, isoleucine, methionine, and valine) in a ratio of 1:1:1. This protein is successfully employed in various drug formulations in systemic administration. It has several applications like stabilizing gelatin sponges, vaccines, and protein formulations. It is also used to enhance plasma volume (Kianfar, 2021). Gelatin nanoparticles have been explored for several drug deliveries. Nanodeocoys (NDs) were developed with cell membranes of the Zika virus and gelatin nanoparticles (Rao et al., 2018). This composite captured the Zika virus and inhibited its entry and associated disease propagation. NDs restricted the passage of this virus through physiological barriers in the fetal brain. Likewise, it prevents virus-induced fetal microcephaly in pregnant mice. Therefore, nanodeocoys prepared from gelatin have a promising application in the fabrication of novel nanoparticulate forms to avoid the SARS-CoV-2 infection. siRNA silencing iNOS-loaded gelatin nanoparticles cross-linked with glutaraldehyde were explored for intranasal delivery (Kim et al., 2016; Rinoldi et al., 2021). After intranasal delivery, this formulation was detected in a different brain region like the olfactory bulb, striatum, and cerebral cortex for one day. The protective effect was shown for two weeks. These examples demand that gelatin nanoparticles are another potential drug carrier to combat COVID-19. Moreover, gelatin is biocompatible and non-toxic. Gelatin nanoparticles release drugs in a controlled manner by altering gelatin degradation and controlling the degree of cross-linking.
Polysaccharide Nanoparticles
Polysaccharide-derived nanoparticles improve the biocompatibility of toxic cell material. Nanoparticles derived from naturally occurring polysaccharides have been used in delivering protein, peptides, and nucleic acids.
Alginate
Alginate is a naturally occurring, water-soluble, linear unbranched polysaccharide and is composed of two types of uronic acids: α-L-guluronic acid and β-D-mannuronic acid. These are non-immunogenic, biocompatible, and mucoadhesive and dissociate in the typical physiological environment. The solubility of alginate in water depends on the type of associated cations. For example, sodium alginate is water-soluble, whereas the calcium derivatives form a gel. Alginate also forms complexes with several polycations like chitosan, polyenimine, or essential peptides like polyarginine and polyarginine. Recently, alginate and its related biomaterials were tested on 17 types of viruses (Serrano-Aroca et al., 2021a). These materials showed inhibitory activity against human immunodeficiency virus, herpes simplex virus type 1 and type 2, hepatitis A, B, and C viruses, rubella virus, and rabies virus. Many of them have enveloped, single-stranded, positive-sense RNA viruses like SARS-CoV-2.
Chitosan
Chitosan is a natural and biocompatible polysaccharide obtained from chitin that contains randomly distributed linked N-acetyl glucosamine and glucosamine units. Chitosan exhibits positive charges in the physiological environment due to quaternary ammonium salt groups in its backbone. Several active functional groups are present in the chitosan chain and make it easy to fabricate to elicit immune stimulation, antibacterial, antifungal, and wound healing properties. Predominantly, amino groups and hydroxyl groups mediate the biological activity of chitosan. Additionally, deacetylation and molecular weight play a crucial role in eliciting biological activity. Chitosan serves as a noninvasive mucosal vaccine vector due to its adhesiveness characteristics (Boroumand et al., 2021; Meng et al., 2021). Chitosan can be an opportunistic approach to fighting against COVID-19 infection. It can stimulate the immune system and penetrate through tight junctions of mucous epithelial cells. Chitosan nanoparticles reversibly open the tight epithelial junction to improve the paracellular and intracellular antigen transportation through the mucosal surfaces. These nanoparticles also enhanced the antigen uptake by the antigen-presenting cells (APCs). Therefore, chitosan can be employed as an attractive mucosal vaccine delivery vehicle (Dhakal and Renukaradhya, 2019).
Biotinylated chitosan nanoparticles were developed using a fusion protein vector for the dendritic cells. They successfully delivered plasmid DNA encoding SARS-CoV N-protein that increased IgA concentration in mucosa after intranasal administration. Bioavanta-Bosti developed aerosol formulation of anti-COVID-19 drugs. Aerosol formulations of NovochizolTM nanoparticles (chitosan-based) delivered anti-COVID-19 drugs directly to the lungs in severely ill patients (Safarzadeh et al., 2021). These formulations can be administered at all disease stages in ventilators. After administration, these nanoparticles can adhere to the mucosal membrane, and the encapsulated drugs can release by diffusion and slow degradation. Studies showed that polysaccharides could destroy the viruses in situ by invading the infected cell. The electrostatic interaction (positive charge of chitosan vs. negatively charged surface of the virus) interferes virus’s ability to cause infection and kills them by disrupting its protective membrane. N-(2-hydroxypropyl)-3-trimethylammonium chitosan chloride (HTCC) demonstrated effective inhibitory activity against SARS-CoV-2 and MERS propagation (Jaber et al., 2021). HTCC showed a 50–190 kDa molecular weight and contained 57–77% quaternary ammonium groups. HTCC was bound electrostatically with the S-protein of coronavirus, followed by blocking the interaction with the entry receptor and subsequent virus replication.
Polydopamine
Polydopamine (PDA) is a bioinspired, nature-derived biopolymer material. This material possesses many exciting properties like universal adhesion and self-assembly. It can conjugate with several metal ions to form thermal annealing in a protective environment (Li et al., 2020). Magnetic nanoparticles were prepared by incorporating magnetic molecularly imprinted polymer based on self-polymerization of dopamine (Fresco-Cala et al., 2021). A peptide of viral spike protein was used here instead of using the whole SARS-CoV-2 virion template. After confirming the computational screening approach, dopamine was used here as a functional monomer. This study revealed the high binding energy of the dopamine-peptide complex and multi-point interactions in the entire template surface. Erythromycin decorated with virus-mimetic nanoparticles can carry a viral antigen and a toll-like receptor agonist. Polydopamine nanoparticles were synthesized using in situ polymerization to achieve this, where nanoparticles were conjugated with the SARS-CoV-2 spike protein S1 subunit (Wang et al., 2021). The prepared conjugates were further attached with erythromycin via catechol groups. In the mice model, the virus-mimetic nanoparticles showed several activities like the production of IgG antibodies, humoral and cellular immune responses, high maturation, and activation of antigen-presenting cells. This erythromycin-mediated antiviral immunization is a versatile concept of vaccine development.
Elevated amounts of cell-free DNA (cfDNA) are observed in SARS-CoV-2 sepsis patients, resulting in the progression of multiple organ failure. In such a situation, DNase-1 levels in plasma are reduced significantly. DNase-1 was encapsulated into polydopamine-poly(ethylene glycol) nanoparticles to suppress this cytokine storm (Lee et al., 2021). The exogenous administration of this long-acting DNase-1 effectively reduced the cfDNA level and neutrophil activities. Polydopamine derived from marine mussels shows an excellent potency in the early diagnosis of diseases and targeted delivery. Thus, this material can be used to deliver a wide range of drugs in the management of COVID-19.
SPECIFIC BARRIERS FOR NANOPARTICLES AND POSSIBLE OUTCOMES
The human body has an inbuilt, highly efficient defense system against foreign species/substances like viruses, fungi, bacteria, and chemicals, including nanomaterials. Different physiological barriers like skin, air-lung-blood barriers, blood-brain barriers, and circulation barriers are available in the body to protect respective organs and allow selective access to a specific substance such as messenger molecules and nutrients. The growing use of nanomaterials in medicine and diagnosis causes safety concerns about complex behavior. These barriers often regulate the access of nanomaterials and develop a selective mechanism to block nanomaterials. In contrast to bulk materials, these nanomaterials have demonstrated complicated physiological properties like size, shape, surface area, colloidal stability, mechanical property chemical composition, and crystallinity (Meng et al., 2018).
Protein Corona
Most nanoparticle-based formulations have been designed for intravenous administration to spread deeper to organ tissue without surgery. These nanovectors interact with the biological system, mainly with the circulatory proteins, upon being available into the systemic circulation. One set of proteins binds with nanoparticles’ surface and forms a protein corona (PC) conjugate. After adhering, this PC makes the particles recognized by the innate immune system followed by quicker elimination by phagocytic cells present in the liver, lungs, and spleen. Additionally, these PCs increase the physical disability and agglomeration of particles. To overcome this problem, the utmost requirement is to develop new strategies to minimize PC formation with improved stability and circulatory time of nanovectors (Rampado et al., 2020). The composition and kinetics of PC vary (decrease or increase) over time. It was believed that the PCs are responsible for the instability of NPs. However, a separate study demonstrated the aggregation of nanoparticles inversely proportion with protein [human serum albumin (HSA), fibrinogen, immunoglobulin, and apolipoprotein A1 (APOA1)] concentration (Ho et al., 2018). It was observed that NPs aggregation was increased at lower protein concentrations, whereas these NPs were stable at higher protein concentrations. The interaction of the protein with the nanoparticles is varied based on the type of protein. Immunoglobulin and fibrinogens are sticky proteins either form clotting or bind with foreign bodies, whereas HAS and APOA1 interact with more NPs simultaneously to form bridges.
The concentration and tagged surfactants charged on NPs determine the PC characters (Zhang et al., 2019). Charges on NPs were changed after the formation of PC. Particles with negative charge persisted, whereas positively charged particles acquired a negative charge. Ovisprin-1 and lysozyme protein coronas were tested on plain gold nanoparticles to understand the protein corona formation in an aqueous environment (Jahan Sajib et al., 2020). It was observed that the appearance of PC is caused due to protein-protein interaction and protein’s surface and hydrophobic surface effect. The size of nanoparticles and protein types modulate the structure of protein size.
Toxicity
Several factors influence the toxicity of nanomaterials, like particle size, surface charge, surface chemistry, and dose. After entering the body, these nanoparticles elicit toxicity in mostly all types of systems (e.g., circulatory system, digestive system, endocrine system, immune system, respiratory system, nervous system, and reproductive system). The main reason behind this toxicity is the formation of reactive oxygen species (ROS) either directly or indirectly. The formed ROS interfere in the multiple mechanisms of cells and elicit toxicities (Akcan et al., 2020). Mainly, all bionanomaterials/bionanoparticles have demonstrated less to negligible toxicity. These biomaterials might be metabolized in the body compartment, and their by-product may elicit toxic effects in the body. Thus, it is highly essential to study the degradation patterns of these bionanomaterials. Sometimes, the synthesis method of bionanomaterials also contributes to demonstrating toxicity. However, albumin-based nanoparticles have shown numerous advantages over other types of nanoparticles. However, their way of preparation may elicit toxicity. Albumin-based nanocarriers are prepared using desolvation, thermal-induced aggregation, self-assembly, and albumin-bound technology. The desolvation technique is used most frequently, where a desolvating agent like ethanol or acetone is used in the dehydration process of albumin. This process causes conformation changes of albumin from stretched to coiled. The addition of these organic solvents induces potential toxicity in the human body (Hassanin and Elzoghby, 2020).
SCOPE OF BIOINSPIRED NANOMATERIALS
Bioinspired and biomimetic drug delivery becomes an emerging trade to bypass natural barriers. These delivery patterns depend on unique mechanisms, morphologies, and biomaterials with remarkable properties. It is a multidisciplinary research area having the equal involvement in biology, engineering, material science, and physics. Nature has developed numerous effective schemes to adapt different biomaterials and mechanisms. These schemes help the researcher design biocompatible and biodegradable materials to improve drug delivery (Rahamim and Azagury, 2021).
Next-generation nanoscale vectors have been developed using the inorganic components to attain inert structures using a mimic biological form that serves additional functionalities (Table 3). It is highly essential to reveal the capability of biomimetics in penetrating multiple layers of defense of organs and tissues without inferring the normal biological function of the body. Whatever the route of administration, every nanoparticulate system needs to interact with biological fluids and organic compounds present in the body. As per the appearance of the biological system, material interactions follow a unique way based on composition, physical properties, and body region or tissue of exposure. In contrast, inorganic nanoparticles can be demonstrated as a mimic of globular proteins (Weiss et al., 2020). These similarities can intervene in the cell-receptor interaction and the virus pathways. Neutrophil-specific programmed cell death through activation of NETosis is a good reason for COVID-19 pathogenesis. Bioinspired DNase-I-coated melanin-like nanospheres were developed to dysregulate this infection-induced NETosis (Park et al., 2020). In this study, poly(ethylene glycol) and DNase-I were used as coating materials that improve the circulation and dissolution of neutrophil extracellular traps (NET) structure. These bioinspired DNase-I coated melanin-like nanospheres reduced neutrophil counts and NETosis-related factors in SARS-CoV-2 infection. Additionally, these nanoparticles reduced systemic inflammation and associated mortality in a septic mouse model.
TABLE 3 | A list of biomimetic nanocarriers systems explored in SARS-CoV-2.
[image: Table 3]In the advance cases of SARS-CoV-2 infection, cytokine storm syndrome has been observed with prominent inflammation and multi-organ failure. Lopinavir-loaded PLGA nanoparticles (PLGA-LPV NPs) were prepared to downregulate these multiple pro-inflammatory cytokines and suppress the activation of neutrophils and macrophages (Tan et al., 2021). Afterward, these nanoparticles were coated with macrophages (a membrane donator) to form biomimetic nanocarriers. Blank PLGA nanoparticles were coated with macrophage (PLGA@M). Due to this surface coating, PLGA@M mimic a macrophage that absorbs pro-inflammatory substance. This biomimetic-based drug delivery showed a targeted antiviral effect with improved anti-inflammation.
Conventional viral vaccine development faces challenges in a sudden pandemic due to higher mutation rates and antigen diversity. The introduction of nanotechnology tunes this development process significantly with improved efficacy, specificity, and prolonged antiviral activity. Bioinspired nanoparticles have demonstrated diverse functions, prolonged circulation time, improved biocompatibility, and accumulated at target sites. Significantly, the unique antigenic characteristics and immunostimulatory properties of biomimetic nanoparticles help develop effective vaccine formulations (Huang et al., 2021). Currently, several biomimetic nanoparticles, including virus-like particles (VLPs), outer membrane vesicles, self-assembling protein nanoparticles, and virosomes, are available for vaccine development (Figure 2).
[image: Figure 2]FIGURE 2 | Different types of opportunistic biomimetic nanoparticles for COVID-19.
Virus-Like Particles
VLPs-based human papillomavirus vaccines are already available in the market with the advancement of technology. Due to design flexibility, VLPs are the ultimate opportunistic approach to fabricating modern vaccine and disease eradication through rational bioengineering due to design flexibility. These novel nanoparticles can incorporate different virus subtypes to prepare potent antigen proteins. Using structural elucidation, epitope mapping, and prediction can be an excellent option to develop protective vaccine antigens (Liljeroos et al., 2015; Hume et al., 2019). Thus, manipulating nanoparticles parameters can obtain more efficient vaccines than traditional ones. Previously, MERS-CoV-specific immunoglobulin A was helpful for infected patients but not recommended long term. MERS-CoV-specific memory CD8+ T-cells persist in the body for 6 years to sustain promising antiviral effects on numerous subtypes of viruses. The recurrence of virulence can hamper the potential application of live-attenuated vaccines’ development. However, these vaccines are efficient in memory T-cells formation. The next-generation biomimetic nanoparticles can be retained on the pathogen surface and interfere with their physicochemical properties. These types of biomimetic-based nanoparticles vaccines mainly consist of viral antigen molecules (for adaptive immune response) in addition to adjuvants (innate immune response) and protein scaffolds. These biomimetic nanoparticles protect adjuvants from degradation and prevent systemic toxicity caused by these free adjuvants. VLP vaccines trigger an immune response that results in neutralizing antibodies. Conjugated B-cells on the surface of VLPs bind with antigens through B-cell receptors. After\activation, B-cells are converted into plasmablast that leads the production of antibodies. The maturation of dendritic cells is crucial to demonstrate the cellular immune response prompted by the vaccine (Huang et al., 2021). These VLPs are explored for vaccine development against COVID-19.
A randomized, blinded, dose-dependent controlled study was conducted on a VLP-based vaccine produced in plants that have demonstrated SARS-CoV-2 spike glycoprotein (CoVLP) (Ward et al., 2021). These formulations were found to be well tolerated with mild to moderate adverse events. There was no dose-dependent effect of CoVLP observed on the serum-neutralized antibodies. However, titers were significantly increased once used with the adjuvants of AS03 and CpG1018. Baculovirus has a gene encoded full-length SARS-CoV-2 spike glycoprotein, a prototype sequence of Wuhan-Hu-1. A recombinant SARS-CoV-2 nanoparticle vaccine (NVX-CoV2373) was developed using this vaccine (Shinde et al., 2021). In a randomized, placebo-controlled phase 1-2 trial, the NVX-CoV2373 vaccine prompted neutralizing antibodies and demonstrated a strong antigen-specific CD4+ T-cell response.
Outer Membrane Vesicles
Bioinspired nanoparticles have been successfully developed by combining nanotechnology with biomimetic strategies to optimize surface bio-physicochemical properties for vaccine development. Due to the intrinsic activity, these nanoparticles can be an effective therapeutic option in many infectious diseases. Outer membrane vesicles (OMV) are generally referred to as bacterial-derived nanoparticles, also known as bacterial extracellular vesicles. These nano-sized spherical vesicles contain immunostimulatory molecules like lipoprotein, peptidoglycans, lipopolysaccharide, and bacterial surface-exposed antigens. Likewise, these vesicles are non-living but mimic the outside of bacteria. These OMVs can be derived from many organisms, like S. typhimurium, H. pylori, P. aeruginosa, and B. melitensis. In a study, gold nanoparticles were employed to coat E. coli OMVs to obtain hybrid and biomimetic nanovaccines (Gao et al., 2015). Prepared bacterial membrane-coated gold nanoparticles (BM-AuNPs) showed improved stability in vitro. This conjugated material activates and maturates dendritic cells in mice upon subcutaneous administration. These BM-AuNPs also initiate the production of interferon-gamma and interleukin-17.
Not only bacterial vaccines but also these OMVs have also been explored to develop the COVID-19 vaccine. A novel platform has been designed based on the Neisseria meningitides OMVs and recombinant receptor-binding domain (rRBD) (Gaspar et al., 2021). Previously, the OMVs-based vaccine was effective against Neisseria meningitidis serogroup B and successfully combated epidemic strains in different countries. Against COVID-19 infection, a high IgG production has been observed when rRBD mixed with OMV and adjuvant like aluminum hydroxide. This combinational formulation generated 13 times more IFN-γ producing cells in splenocytes culture than the rRBD-treated group. Sessional influenza epidemics and MERS have presented a substantial health burden. To combat these dual infections, an OMVs-based vaccine was proposed that simultaneously binded with RBD of MERS-CoV and served as a stable antigenic stable fusion protein of the H1-type hemagglutinin of influenza A virus (Shehata et al., 2019). This chimeric vaccine demonstrated a higher neutralizing antibodies titer against the H1N1 virus. In addition, this OMVs-based vaccine also induced cellular immunity without significant loss in body weight. The synergistic effect of humoral and cellular immunities was observed in mice when this formulation was administered. This OMVs-based vaccine overcomes several limitations faced with an mRNA-based vaccine. An increased amount of detoxified OMVs was prepared from genetically modified Vibrio cholerae and enterotoxigenic E. coli (ETEC) (Thapa et al., 2021). Noninvasive intranasal immunization has confirmed a higher titer, induced protective, long-lasting antibody response in the murine model. The most elevated titers against the SARS-CoV-2 were observed in ETEC-derived OMVs compared to V. cholera.
Self-Assembling Protein Nanoparticles
Protein self-assembly serves as a new platform in the fabrication of nanoparticles with tailored functions. It shows many nanoscale structures like wires, tubes, cages, and rings. Due to these different structural configurations, symmetry, easy fabrication, and functionalization, these particles are successfully used as carriers of the drug, protein, peptides, and synthetic molecules. The popularity of protein assembly-based is increasing gradually due to easy fusion between protein assemblies with inactivated pathogens to prepare safe medicine (Nguyen et al., 2021). Nanovaccines have numerous advantages like antigen stabilization, improved uptake by antigen-presenting cells, and improved immunogenicity. Synthetic and inorganic nanoparticles have demonstrated numerous drawbacks like low stability, poor biocompatibility, and toxicity. In contrast, nanovaccines composed of self-assemble protein are superior in overcoming the above-mentioned challenges. In addition, it has demonstrated molecular specificity and multivalence that lead to efficient delivery to antigenic determinants (Zottig et al., 2020). In mice, self-assembling protein nanoparticles were developed to improve antibody responses against SARS-CoV-2 (Walls et al., 2020). This nanoparticle-based vaccine demonstrated a high immunogenic array in 60 SARS-CoV-2 spike RBDs and induced neutralizing antibody titers 10-fold more than the perfusion-stabilized spike deposit.
Additionally, multiple epitopes can be targeted by the antibodies elicited by RBD nanoparticles that exhibited a lower binding-neutralizing ratio than the convalescent human sera. Likewise, these protein nanoparticle-based vaccines decrease the threat of respiratory diseases. Ferritin is a protein containing iron and stored inside cells. Self-assembling ferritin nanoparticles were designed to develop subunit vaccine candidates (Powell et al., 2021). This ferritin has demonstrated an intelligent nanocarrier platform for the development of vaccines and also passed through clinical trials. The mean neutralizing antibody titers was 2-fold higher with two spike ferritin particles than the convalescent plasma from COVID-19. Vaccination with certain subunit vaccines has demonstrated successful protection in many viruses like Gardasil, Cervarix, and human papillomavirus. The main scenario behind the success is the capsid protein to self-assemble into oligomeric spherical. In the case of the influenza subunit vaccine, self-assembly occurred due to the attachment of antigen to oligoproteins. Protein nanoparticles are helpful in the development of a vaccine in different immune-evasive pathogens like influenza, malaria, and human immunodeficiency virus. After injection, protein nanoparticles travel freely through blood and lymph and rapidly accumulate in other organs like the spleen and thyroid to elicit humoral immunity (Nguyen and Tolia, 2021). A prototypic SARS vaccine was developed with self-assembling polypeptide nanoparticles for SARS-CoV (Pimentel et al., 2009). These nanoparticles showed a SARS B-cell epitope from the C-terminal heptad repeat of the virus spike protein.
It is crucial to establish a similar conformation between the B-cell epitope of the vaccine with targeted protein. High specific conformation was observed in the binding affinity in these types of polypeptide nanoparticles. This peptide vaccine showed the heptad repeat region as anα-helical trimeric coiled coil. Nanoparticles conjugated with antigen are used to develop a vaccine against SARS-CoV-2. Using the SpyTag/SpayCatcher system, the RBD can be visible on the self-assembling protein that contains an inner layer of locking domains (RBD) composed of two 60 mer and 24 mer ferritins (He et al., 2021). An immunoaffinity column was developed that contained a CR3022 antibody to purify the tag-free vaccine. In this study, a scaffold receptor-binding domain trimer was constructed to mimic the RBD-spike conformation. This technique provides a robust process in developing RBD-based nanovaccines.
Virosome-Based Nanovaccines
Virosome is an FDA-approved lipoidal nanocarrier that possesses viral protection against infections. Surface modification of virosome with critical viral fusion proteins is a novel prospect for vaccine developments. Surface antigens on the virosome interact with targeted receptors that induce cellular immune response using antibody-producing B-cells. A virosome structure like a virus is enveloped without nucleocapsid. Due to their attractive features, virosome-based vaccines have been approved in more than 45 countries (Asadi and Gholami, 2021). The virosome-based vaccine, Transvac-2 (by European MI Matric company), was developed for COVID-19. Virosome particles absorb epitopes of antigens using lipid-linker or hydrophobic bonding. These particles can incorporate both hydrophilic and hydrophobic drugs. Surface modification of these nanoparticles with hydrophilic polymer improves circulation time. Conjugation of antibodies, ligands, and peptides is also feasible (Wang and Xu, 2020).
DELIVERY PATTERNS FOR EFFECTIVE MANAGEMENT OF SARS
Eradication of SARS-CoV-2 can be done in several ways, like viral death (extracellular or intracellular) and inhibition of ACE2 receptors to prevent viral entry to the host cells (Figure 3).
[image: Figure 3]FIGURE 3 | Possible site of drug targeting for complete eradication of COVID-19.
Drug targeting the SARS-CoV-2 virus requires identifying a suitable delivery system that ensures better absorption and intracellular delivery. In addition, it should maintain the adequate concentration between the organ of interest and systemic circulation. The targeted delivery serves optimum activity at the administration site with minimal toxicity and a high drug payload. Aerosol-based drug delivery systems have drawn sufficient interest in managing different pulmonary disorders. Therefore, this type of delivery becomes an ultimate weapon to treat the COVID-19 infection, where lungs are mainly infected. Novochizol, a nanoparticle-based aerosol formulation, has demonstrated adequate transportation of COVID-19 drugs and maintained the drug concentration at optimum level in the lungs (Mehta et al., 2020). Drug-loaded theranostic nanoparticles can effectively deliver drugs in intranasal delivery to combat SARS-CoV-2 transmission. This intranasal delivery system represents an alternative route of drug administration for viral pulmonary diseases.
The respiratory tract and lungs are the primary target sites for SARS-CoV-2 infection. Higher viral load in this respiratory tract is observed in advanced cases of SARS-CoV-2 infection. Several neutralizing monoclonal antibodies (mAbs) were administered through intravenous infusion. However, there is a lack of efficient access to IgG antibodies in the mucosal compartments. It has been observed that the antibody levels in the lungs are 200–500 times lower than those in the serum. To obtain the potential antiviral effect, these neutralizing IgG1 mAbs need to be administered at high doses. Even resistance to potent neutralizing IgG1 was observed in clinical trials authorized for emergency use. In a single intranasal dose, IgM was administered to address this issue. This study conferred therapeutic protection against several variants and demonstrated desirable pharmacokinetics and safety profiles (Ku et al., 2021).
A vesicular drug delivery system serves as an advanced theranostic approach in treating COVID-19 infections. The surface charges on the vesicular system play a crucial role in modulating the pharmacokinetic parameters of drug molecules. Vesicular carriers containing positive charges increase the adherence property to the negative charges of the mucosal membrane through the electrostatic interactions and concurrently prevent mucociliary clearance and enzymatic degradation. Using this vesicular drug delivery, multifunctional- and multimodality-based theranostic techniques were employed to fetch information on COVID-19 etiology (Satija et al., 2020). The application of vesicular-delivery systems in the medical field will be a revolutionary approach in developing new therapeutic and diagnoses of COVID-19. Additionally, this delivery system serves as an innovative solution to combat future coronavirus outbreaks.
CONCLUSION
Nanoparticles (polymer lipid or metal) are successfully used in several diseases to deliver drugs or biological molecules. Metal nanoparticles are mainly employed alone to treat SARS-CoV-2, whereas other nanoparticles encapsulated drugs, mRNA, and other biological molecules. Much literature highlighted their potential drawbacks, like partial biocompatibility, no biodegradability, eliciting an immune response, and toxicity. In this scenario, biomaterials/bionanomaterials serve many scopes to overcome the current therapeutic challenges. The applications and properties of the protein or polysaccharide-based nanoparticles are emerging for therapeutic purposes. However, there is very little evidence of the potential application of these biomaterials in COVID-19 infection. There are many scopes to improve the treatment efficiency using these biomaterials. The biodegradability, biocompatibility, cytotoxicity, and immune response of these biopolymeric nanoparticles need to assess their potential application in drug delivery for COVID-19. Often, nanocarriers face several problems once they enter into the biological systems. The body’s immune system treats these nanocarriers as foreign particles and antigens. These problems can be manageable with bioinspired and biomimetic drug delivery. It is an emerging trade to bypass natural barriers. These delivery patterns have unique mechanisms and morphologies and contain biomaterials with remarkable properties. The fabrication of a next-generation biomimetic system is possible with an inorganic entity that can mimic biological structure with additional functionalities. Once they interact with bodily fluids, these bioinspired materials follow an intelligent way to overcome the problems associated with other types of nanoparticles. Therefore, the implication of this bioinspired and biomimetic system needs to be explored more for better management of SARS-CoV-2 infection.
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SGP
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Plasmid DNA

A peptide of the viral
spike protein

Spike protein S1 suburit
and TLR7/8 agonist
RB48

DNase-1

The reason behind
this development

To improve the survival rate by
decreasing tissue damage and
cytokine storm

NIC is an anthelmintic drug that
showed potential application in
COVID-19 infection

To increase local availabiity of
plasmid DNA by avoiding systemic
distribution

To block viral entry

To improve targeting SARS-CoV-2
peptide

To develop a vaccine in a new
approach through antiviral
immunization

Reduction of GfDNA

Application

SGP-loaded PNAB effectively reduced histone
H4, NETosis-related factors in plasma, and
systemic inflammation in GOVID-19 patients,
Park et al. (20212)

This nanohybrid enhanced drug release
behavior and showed beneficial in patients
suffering from endothelial glycocalyx damage,
Rejinold et al. (2021).

These nanoparticles targeted dendiic cells and
delivered plasmid DNA to elevate mucosal IgA
concentration, Safarzadeh et al. (2021).
HTCC blocked the interaction of S-protein with
entry receptor and interfered with the viral
replication, Pyrc et . (2021)

These nanoparticles showed high binding
energy of the dopamine-peptide complex and
multi-point interactions in the entire template:
surface, Fresco-Cala et al. (2021)
Nanoparticles-cecorated erythrocytes increase
the maturation and activation of antigen-
presenting cells, Wang et al. (2021)
Exogenous administration of DNase-1 loaded
polydopamine-polylethylene glyco)
nanoparticles was found effective in reducing
neutrophil and oDNA levels, Lee et al. (2021)

PNAB, PEGylated nanoparticle albumin-bounded; SGP, steroidal ginsenoside saponins; NETosis, process of formation of neutrophil extracelllar traps; NIC, niclosamide; HTCC, N-(2-
hydroxypropy)-3-trimethylammonium chitosan chioride; DA, deoxynbonucieic acid; IgA, immunoglobuiin A; COVID-19, coronavirus disease 19; TLR, tolklike receptor; CIDNA, cell-

free DNA.
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Process adopted

Initilly, melanin-ike nanospheres were
prepared that further surface modified with
DNase-|

Initially, lopinavir-loaded PLGA
nanoparticles were prepared, followed by
coated with macrophage membranes

Recombinant SARS-CoV-2 nanoparticles.
Polysorbate-80-based protein
nanoparticles that further modified with
saponin-based adjuvant Matrix-M1
Aluminum hydroxide-based OMV vaccine

Initially, pMP-H1/RBD plasmid was
constructed. Afterward, the E. coli DH10p
ccomponent was transformed with it,
followed by purification of OMV

OMVs were derived from ETEC. Afterward,
these OMVs were decorated with RBD of
SARS-CoV-2 spike protein

Cormbination of antigen and nanoparticles.
RBDs were conjugated with SADNPs

Oligonucleotides were coded for SARS
HRC1 B-cell epitope that further igated into
amodified pPEP-T vector

The spike genes were isolated and used for
designing RBD. T4 fibrin was sed to coat
spike antigens. After extraction of antigen,
antigen-conjugated self-assembling
protein nanoparticles were prepared

Mechanism

DNase-| improves the dissolution of
neutrophil extracelular traps, DNA that
restricts NET-related pathogenesis
Due to macrophage coating, drug-
loaded PLGA nanoparticles mimic
macrophage

Neutralizing antibody and celar
response

Neutralized antibodies and antigen-
specific polyfunctional CD+4 T-cell
response

Increase the production of IgG once
1RBD was mixed with OMV and
aluminum hydroxide

OMVs-H1/RBD produced the level of
neutralizing antibodies

Neutralization of SARS-CoV-2
antibodies

Neutralization of SARS-CoV-2
antibodies

Conformation specilicity was
observed between antibodies against
HRC1 and the SARS spike protein
Neutralization of antibody

Function

DNase-l pMNSs reduce neutrophil
counts and suppress systemic
inflammation, Park et al. (2020)
PLGA-LPV@M has demonstrated dual
activities like targeting antiviral effects and
favorable anti-infiammation action, Tan
et al. (2021)

The vaccine was well tolerated and
demonstrated a dose-independent effect
on serum neutralized antibodies, Ward
et al(2021)

The NVX-CoV2373 vaccine was efficient
in combating COVID-19, significantly
more effective in HIV-negative patients,
Shinde et al. (2021)

This OMV vacaine produced 13 times
more IFN-y producing cells in
splenocytes culture than the treated
group of rRBD, Gaspar et al. (2021)
Induced cellular immunity without
significant loss in body weight, Shehata
etal. (2019)

RBD-decorated OMVs induce an
immune response and produce
detectable titers against spike protein,
Thapa et al. (2021)

24-meric RBD-ferritin SADNP
demonstrated higher neutralizing
antiody

They demonstrated a better antigen-
presenting system and good immune
response, Pimentel et al. (2009)

The S2GAHR2 was more effective in
antibody neutralization. Muti-layered
S2GAHR2 eiicited high titers and celular
response

PMNSs, melanin-like nanospheres; DNA, deoxyribonucleic acid; PLGA, poly(lactic-co-glycolic acid); VLP, virus-like particles; OMV, outer membrane vesicles; rRBD, recombinant
receptor-binding domain; IFN-y, interferon-gamma; E. coli, Escherichia coli; ETEC, enterotoxigenic E. col; SARS, severe acute respiratory syncrome; pPEP-T, plasmid peptide transport;

HAC1. hepiad repest region-
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Compound used
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mRNA

mRNA

mMRNA

saRNA
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Description

TPNT1 was found effective in six significant clades of SARS-CoV-2 at
the concentration range used in food additives. It blocked the viral entry
by binding with the SARS-CoV-2 spike protein, Chang et al. (2021)
AgNPs size of 10 nm effectively inhibits the extracellular SARS-CoV-2 in
the concentration range of 1-10 ppm. These AGNPs inhibited the viral
entry. However, these nanoparticles may show cytotoxic activity and
damage the ecosystem, Jeremiah et al. (2020)

AgNPs in the name of Argovit” reached clinicaltrial. This formulation was
used to prevent SARS-CoV-2 contamination in health workers (igh-risk
group), Cluster de Bloeconomia de Baja Calfornia (2021)

Previously US FDA-approved IONPs have demonstrated antiviral activity
in vitro. These nanoparticles interacted efficiently with the SARS-CoV-2
RBD, Abo-zeid et al. (2020)

Both ZnO NPs and hesperidin were found effective against HAV. Thus,
hesperidin-loaded ZnO NPs are effective against SARS-CoV-2, Attia
etal. (2021)

Intramuscular administration of this nanocomposite provoked a humoral
response by triggering the production of neutralizing antibodies, Elia
etal. (2021)

This lipid-based vaccine underwent the ciinical trial and was found
effective in younger adults, Walsh et al. (2020)

This lipid-based vaccine stabilized the full-length spike protein of the
SARS-CoV-2 during the randomized observer-blinded placebo-
controlled trials, Baclen et al. (2021)

mRNA was packed with lipid nanoparticles and transfected mammalian
cells to produce secreted protein. hsACE2 generated from mRNA was
bound to RBD of SARS-CoV-2 spike protein. Additionally, it inhibited
disease propagation, Kim et al. (2020)

Untransiated regions of mRNAs are developed to enhance protein
production. These nanoparticles activate the expression of potential
SARS-CoV-2 antigens, Zeng et . (2020)

Sefi-amplifying RNA was encoded the SARS-CoV-2 spike protein
followed by encapsulation within lipid nanoparticles. This
nanocomposite triggered a Th1-biased responsen the mice model. Due
tothe restimulation of SARS-CoV-2 peptide, saRNA LNP increased the.
production of IFN-y production, McKay et al. (2020)

LNPs delivered SIRNA to the lungs, suppressed the virus, and increased
the survival of treated mice Idris et al. (2021)

Targeted delivery of ivermectin-loaded nanoparticles inhibited the
unclear transport activities through importin a/p1 heterodimer, Surnar
et al. (2020).

ACEI-containing remdesivir-loaded PLGA nanoparticles were prepared
by molecular docking with DPD to improve the treatment efficacy, Wu
et al. (2020)

OP was loaded into PLGA nanoparticles to target spike-binding peptide-
1 of SARS-CoV-2. The prepared formulation can deliver the drug in a
sustained manner for two months, Ucar et al. (2021)

Nanosponges coated with cell membrane prevent the coronavirus entry
into the host cells, Zhang et al. (2020b)

Long alkyl chains > C9 graphene derivatives inhibited coronavirus
replication by disrupting the viral envelope, Donskyi et al. (2021)

Stage of
development

In vitro assessment

In vitro assessment

Clinical trial

In vitro assessment

In vitro assessment

Preclinical

Preclinical

Phase 3 clinical trial

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

In vitro assessment

TPNT1, metal nanoparticles composite; Au, gold; Ag, silver; ZnO, zinc oxide; COy, chiorine dioxide; AGNPS, silver nanoparticies; IONPS, iron oxide nanoparticles; Fe;0s, ferric oxide;
Fe;0., ferrous ferric oxide; ZnO NPs, zinc oxide nanoparticles; US FDA, United State Food Drug Administration; RBD, receptor-binding domain; LNP, lipid nanoparticles; RBD, receptor-
binding domain; hFc, human Fc-conjugated; mRNA, messenger ribonucleic acid; saRNA, self-amplifying ANA; IFN-y, interferon-gamme; SIRNA, smallinterfering ribonucleic acid: PLGA,
poly(lactic-co-glycolic) acio; DPD, dissipative particle diynamics; ACE}, angiotensin-converting enzyme inhibitor; PEG, polyethylene glycol; MAL, maleimide; DNase-1, deoxyribonuciease I
cfDNA, cell-free desoxyribonucieic acid: CBNs, carbon-based nanomaterials.
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