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Abstract 

COVID-19, caused by the new type of coronavirus SARS-CoV-2, has put an unprecedented impact 

on health, economy and social areas around the globe. It created an urgent global need for rapid 

diagnostics, effective therapeutics, and scalable vaccine manufacturing. The biomanufacturing 

industry played a central role in meeting this challenge by accelerating the development, production, 

and distribution of SARS-CoV-2 diagnostic assays and vaccines. This review provides an integrated 

overview of SARS-CoV-2 biology, clinical manifestations, transmission mechanisms, and major viral 

variants, followed by a detailed examination of diagnostic technologies. We further highlight the 

transformative impact of mRNA vaccine technologies, emphasizing advances in lipid nanoparticle 

formulation, large-scale manufacturing, and regulatory-aligned production strategies. The review 

also discusses the biomanufacturing sector’s rapid mobilization to overcome supply-chain 

constraints, workforce shortages, and unprecedented global demand. Collectively, this work 

underscores how scientific innovation, industrial agility, and cross-sector collaboration enabled the 

rapid deployment of diagnostics and vaccines that were essential to controlling the COVID-19 

pandemic. 
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1. Introduction  

The coronavirus disease 19 (COVID-19) is a communicable acute pathogenic viral infectious 

disease caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which emerged 

in Wuhan, Hubei province, China in December 2019. In a span of small time it spread around the 

world causing considerable morbidity and mortality [1,2]. Until January 2026, around 780 million 

people have been infected with SARS-CoV-2 and over 7 million deaths have been reported 

worldwide (World Health Organization, 2025, https://covid19.who.int/, accessed on 01-05-2026). 

SARS-CoV-2 infection triggers the immune system which results in uncontrollable inflammatory 

response causing tissue damage [3] This disease causes severe atypical respiratory ailments which is 

its primary target but can affect other organs like GI tract and CNS causing severe complications [4]. 

FDA has approved several antiviral drugs for COVID-19 including remdesivir (Veklury) [5], 

molnupiravir (Lagevrio) [6] and nirmatrelvir/ritonavir (Paxlovid) [7], which have been authorized to 

reduce disease severity and hospitalization risk in patients with SARS-CoV-2 infection. 

2. Structure 

SARS-CoV-2 particles are round and surrounded by a membrane, measuring about 80–120 nm 

in diameter. They have many club-shaped S proteins on their surface, giving them a distinctive 

appearance similar to a solar corona, which is why they’re called coronaviruses (CoVs) [8]. 
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SARS-COV-2 is a single stranded positive-sense RNA virus containing a large genome ranging 

from 29 kilobases and consists of 9,680 amino acids encoding 27 proteins including four structural 

proteins and 16 functional proteins such as RNA dependent RNA polymerase (RdRP) and helicase 

[9,10]. RNA is associated with nucleocapsid protein (N) and is surrounded by envelope containing 

membrane protein (M), spike protein (S) and envelope protein (E) [11]. S proteins are involved in the 

infection of host cell by binding to its receptor, angiotensin converting enzyme 2 (ACE2) mostly 

expressed in human lung alveolar epithelial cells [12]. For this reason, the S protein and ACE2 

continue to be the primary target for various anti-coronavirus treatments, such as neutralizing 

monoclonal antibodies (mAbs), vaccines, and other inhibitors to block membrane-virus interaction 

[13]. Nucleocapsid protein (NP) allows the virus to hijack host cell machinery for its own replication 

and transcription. The M protein is crucial in coordinating the assembly and organization of the viral 

envelope by engaging with different structural proteins while E protein is involved in virus assembly, 

membrane permeability of the host cell and virus host interaction [14–16]. The N protein functions 

by interacting with the positive RNA strand of the viral genome, forming a helical ribonucleocapsid 

complex. It also engages with other structural membrane proteins during virion assembly [17].  

The SARS-CoV-2 S protein is cleaved by host proteases into two parts: the receptor-binding 

fragment (S1) and the fusion fragment (S2) during biogenesis or virus assembly. The S1 subunit 

contains various domains, including the N-terminal domain (NTD), receptor-binding domain (RBD) 

with a receptor-binding motif (RBM), and C-terminal domains (CTDs). Several potential antibodies 

against SARS-CoV-2 have been identified which target the NTD, S2 or RBD [13]. 

3. Variants  

Viruses exhibit instability because of mutations that occur from errors during their replication 

within host cells. [18]. While the majority of these mutations are biologically inconsequential, certain 

alterations can significantly modify viral characteristics, including transmissibility, pathogenicity, 

and immune evasion capacity [19]. Mutations in SARS-CoV-2 lead to the evolution of a variant which 

is different from other variants. These mutations have mostly been found in receptor binding domain 

(RBD) and the N-terminal domain (NTD) of S protein. Some of these mutations may increase the 

transmissibility of virus into host, evading host immune responses, causing altered symptoms and 

make available treatments and vaccinations less effective. Those variants are classified as Variants of 

Concern (VOC) by health organizations like WHO and CDC [20,21]. The classification of variants 

help in monitoring and responding to the pandemic. The main categories include: 

3.1. Variants of Interest (VOI) 

These are variants with specific genetic markers predicted to increase transmissibility, disease 

severity, or decrease vaccine/treatment efficacy, and disrupt diagnostic testing [22]. These VOIs likely 

require increased surveillance and further research [22]. As of late 2024, the CDC’s only recognized 

VOI is the Omicron sublineage JN.1 [23]. 

3.2. Variants of Concern (VOC) 

The VOCs meet all the criteria for VOIs but are further classified as variants with evidence of 

increased transmissibility, severity, decreased vaccine/treatment efficacy, and diagnostic failures (1). 

These VOCs require reporting to public health agencies and increased research to detect public health 

risks [22]. 

3.3. Variants of High Consequence (VOHC) 

Variants of High Consequence (VOHC) are those which possess all the characteristics of VOCs 

and for which there is clear evidence that prevention measures or medical countermeasures 

(including vaccines, treatments, or diagnostics) have significantly reduced effectiveness compared to 

previously circulating variants [24]. 
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3.4. Major Variants of Coronavirus 

3.4.1. Alpha (B.1.1.7) 

First detected in the United Kingdom in late 2020, the Alpha variant carried mutations such as 

N501Y and P681H that and was characterized by increased transmissibility compared to the original 

virus. It was associated with higher risk of hospitalization and intensive care admission despite 

public health restrictions [25]. 

3.4.2. Beta (B.1.351) 

This variant, first detected in South Africa, carried multiple mutations in the spike protein, 

notably K417N, E484K, and N501Y. It also showed increased transmissibility and a notable ability to 

evade the immune response generated by previous infection or vaccination. It was also linked to a 

higher risk of hospitalization [26].  

3.4.3. Gamma (P.1) 

First detected in Brazil, the Gamma variant shared some key mutations with the Beta variant 

besides D614G mutation in spike protein. It demonstrated increased transmissiblity and immune 

evasion capablities and was associated with a higher risk of hospitalization and intensive care 

admission [27]. 

3.4.4. Delta (B.1.617.2) 

The Delta variant first identified in India. This variant has enhanced replication capacity 

compared to Alpha (B.1.1.7). It shows partial immune evasion, with reduced neutralization by 

vaccine-induced antibodies [28]. 

3.4.5. Omicron (B.1.1.529) 

This variant, first detected in South Africa, carried 30 mutations in the spike protein, notably 

K417N, E484A, N501Y, D614G, P681H, among others. Besides, it carried mutations in RBD [20]. It 

uses cellular transmembrane serine protease 2 (TMPRSS2)-independent endosomal entry [29]. 

Omicron displayed marked genetic and phenotypic divergence from the original Wuhan strain,  

characterized by substantially increased transmissibility and a pronounced ability to evade both 

natural and vaccine-induced immunity, it rapidly displaced the Delta variant and achieved global 

dominance within weeks of its initial detection, triggering major waves of infection. Numerous 

studies documented a significant reduction in neutralizing activity of vaccine-elicited antibodies 

against these variants compared with the ancestral strain, contributing to increased breakthrough 

infections and driving the development of updated vaccine formulations [30]. 

4. Mechanism of Action 

SARS-CoV-2 enters into body through the respiratory tract and infects epithelial cells of the 

trachea, bronchi, bronchioles and lungs [31]. Viral entry is initiated when the spike (S) glycoprotein 

binds to angiotensin converting enzyme 2 (ACE2), followed by proteolytic activation of the S protein 

by host proteases such as TMPRSS2 at the cell surface or cathepsins within endosomes [19,32]). This 

cleavage event triggers membrane fusion and release of the viral nucleocapsid into the cytoplasm. 

Once uncoated, the positive-sense single-stranded RNA genome functions directly as mRNA and is 

translated into the polyproteins pp1a and pp1ab. These polyproteins are cleaved by the viral 

proteases Mpro and PLpro to generate non-structural proteins that assemble into the replication–

transcription complex (RTC) [33]. The RTC associates with double-membrane vesicles derived from 

the endoplasmic reticulum, where it mediates genomic replication and transcription of subgenomic 

RNAs encoding structural and accessory proteins [34]. 
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The structural proteins S, M, and E are synthesized in the rough ER and transported to the ER–

Golgi intermediate compartment (ERGIC). Meanwhile, the nucleocapsid (N) protein binds newly 

synthesized genomic RNA to form ribonucleoprotein complexes. Virion assembly occurs in the 

ERGIC, where budding into membranes enriched with S, M, and E proteins produces mature virions 

[35]. These virions are then transported in secretory vesicles through the Golgi apparatus and 

released via exocytosis, enabling infection of neighboring cells and dissemination throughout the 

respiratory tract [36]. 

5. Response of Biomanufacturing Industry to COVID-19 Pandemic 

The biomanufacturing industry has played a transformative role in the global response to the 

COVID-19 pandemic, enabling the rapid development, scale-up, and distribution of essential medical 

countermeasures (Figure 1). This sector was instrumental in producing vast quantities of personal 

protective equipment (PPE), hand sanitizers, diagnostic assays, and most critically vaccines, all of 

which significantly reduced transmission and disease burden worldwide. According to global 

vaccination data sourced by the World Health Organization and compiled by Our World in Data, more 

than 13.64 billion COVID-19 vaccine doses have been administered globally, contributing to primary 

vaccination coverage in approximately 67% of the world’s population (World Health Organization. 

COVID-19 Vaccination Dashboard. WHO; 2023. Available at: 

https://data.who.int/dashboards/covid19/vaccines). WHO’s COVID-19 Vaccination Insights Report 

further documents the unprecedented scale of vaccine deployment, highlighting the coordinated 

efforts of manufacturers, governments, and international organizations to deliver billions of doses 

across all regions. These achievements were made possible through rapid biotechnological 

innovation, including mRNA platforms, viral-vector systems, and high-throughput diagnostic 

technologies, combined with cross-sector collaboration that accelerated regulatory pathways, 

expanded production capacity, and strengthened supply chains. Collectively, the biomanufacturing 

industry demonstrated an extraordinary ability to mobilize resources and expertise, ensuring that 

critical medical supplies reached global populations during a time of urgent need. We will expand 

these topics in the sections that follow. 

 

Figure 1. Strategies Employed by the Biomanufacturing Industry to Combat COVID-19. The multi-faceted 

approach taken by the biomanufacturing industry to control the COVID-19 pandemic. Key strategies depicted 
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include the development of diagnostic tests, the production and distribution of vaccines, and the manufacture 

of hand sanitizers and PPE such as masks. These efforts highlight the industry’s critical role in mitigating the 

spread of the virus and protecting public health. 

5.1. SARS-CoV-2 Diagnostic Approaches 

Ever since the COVID-19 pandemic, it has become immensely important to develop methods to 

accurately diagnose to effectively manage the disease. The biomanufacturing industry played a 

crucial role in the development of diagnostic tests for SARS-CoV-2. A diagnostic test indicates the 

presence of an infecting agent in the body which is causing disease. Since symptoms of COVID-19 

are nonspecific, syndromic testing and CT scans may not be suitable for accurate diagnoses of the 

disease [37]. Molecular techniques that target genome or proteome of SARS-CoV-2 could be best 

methods for its detection. We discuss some methods of SARS-CoV-2 detection including commonly 

used polymerase chain reaction (PCR), and antigen rapid detection test [38,39]. 

5.1.1. Polymerase Chain Reaction (PCR) 

Reverse-Transcription PCR or RT-qPCR [40] represents highly sensitive and specific methods 

for detecting viral genetic material. This testing approach involves conversion of viral RNA obtained 

from diverse specimens such as ocular secretions, saliva, sputum, bronchoalveolar lavage (BAL), 

blood, and fecal material, upper respiratory system samples such as oropharyngeal swabs (OPS) and 

nasopharyngeal swabs(NPSs) [41,42]  complimentary DNA (cDNA) strands through targeted 

amplification of specific cDNA target sequences using enzyme reverse transcriptase. The cDNA is 

subsequently amplified in individual reaction tube by virus-specific primers and the PCR product is 

identified using various analytical techniques [43]. Notably, primers focusing on E gene, RNA 

dependent RNA Polymerase gene, ORF1 and N genes have been successfully developed and utilized 

[41,44]. The qPCR process mirrors standard PCR, cycling through denaturation, annealing, and 

extension, with annealing temperature carefully optimized for each primer set to ensure efficient 

amplification of SARS-CoV-2 targets. Across roughly 35–45 cycles, fluorescence increases as DNA 

doubles each round, producing a characteristic sigmoidal curve with baseline, exponential, and 

plateau phases. The cycle threshold (Ct), the point where fluorescence first rises above background, 

is used to determine whether a sample is positive and serves as the quantitative reference point in 

qPCR assays [42]. RT-qPCR detects amplified DNA in real time using either nonspecific dyes like 

SYBR Green or highly specific probe-based systems such as TaqMan. In TaqMan assays, fluorescence 

is released only when the probe is cleaved during amplification, making the method especially 

sensitive and specific. Automated instruments cycle the reaction up to ~40 times, enabling rapid 

detection, high throughput, and the option to multiplex multiple targets in a single reaction [42]. 

RT-qPCR test is considered to be gold standard method [45] as it is more accurate and reliable 

test for diagnosing COVID-19 disease.   However, this method is not free of limitations as it requires 

expensive equipment and skilled technicians to perform tests in laboratory setting and hence is costly 

and has long wait time. RT-qPCR may not be the best option in emergency settings to detect SARS-

CoV-2 [46]. The quality of specimen and the stage of disease my influence the testing accuracy of RT-

PCR.  

Accurate designing of primers that target conserved regions of viral genomes is essential for 

minimizing false-negative results and reducing the need for extensive standardization across 

different PCR protocols. Building on this principle, researchers applied evolutionary algorithms 

(EAs), an AI-based optimization approach, together with genomic data from the Global Initiative on 

Sharing Avian Influenza Data (GISAID) to identify sub-sequences suitable for developing RT-qPCR 

primers capable of detecting SARS-CoV-2 and its VOCs in human samples. The method focuses on 

uncovering 21-bp sequences unique to a specific viral strain, ranking these candidates according to 

their suitability as primers, and evaluating how effectively they discriminate the target virus from 

other circulating lineages. Importantly, primers generated through this strategy demonstrated 

improved sensitivity, identifying more positive cases than conventional primer sets [47]. 
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5.1.2. Antigen Rapid Diagnostic Test 

Antigen rapid diagnostic tests (Ag-RDTs) detect active SARS-CoV-2 infection by identifying 

viral proteins, typically nucleocapsid or spike antigens, in nasal swab samples using monoclonal 

antibodies embedded in a lateral-flow immunoassay. As the sample migrates along the test strip, 

viral antigens, if present, bind to antibodies conjugated to visible labels such as gold nanoparticles 

and form immune complexes that generate a visible signal within minutes. Although less sensitive 

than RT-qPCR, Ag-RDTs provide fast, low-cost, and easy-to-use detection, making them valuable 

tools for large-scale public health screening [48–50]. Their performance improves in individuals with 

higher viral loads and in symptomatic cases, where sensitivity increases substantially [51–53]. 

Because of their speed, simplicity, and scalability, antigen rapid tests have become widely used for 

timely identification of infectious individuals and for population-level surveillance during the 

COVID-19 pandemic. 

Cochrane, an independent global organization that synthesizes high-quality systemic reviews 

following rigorous standardized methods to minimize bias. It has published and continuously 

updated systematic reviews assessing rapid tests for the detection of SARS-CoV-2 

(www.cochrane.org). These reviews have played a pivotal role in synthesizing evidence on the 

accuracy and utility of Ag-RDTs outside of highly controlled laboratory settings.  Cochrane reviews 

consistently highlight that Ag-RDT sensitivity varies significantly depending on factors such as the 

timing of testing relative to symptom onset, viral load, and the specific test brand [54,55]. In 

symptomatic individuals tested within the first week of illness, when viral loads are highest, Ag-

RDTs perform substantially better, with sensitivity often exceeding 80% and, in some cases, 

approaching 90% compared with RT-PCR early symptomatic accuracy [54]. This high early-phase 

sensitivity supports their use for rapid identification of infectious individuals. In contrast, sensitivity 

declines in asymptomatic people or those tested later in infection, when viral loads tend to be lower 

[55]. A review reported that sensitivity in asymptomatic cases could fall below 60% [56]. 

Conversely, the specificity of Ag-RDTs has consistently been found to be very high across 

various real-world settings, typically above 98% [57]. This high specificity means that false positive 

results are rare, which is crucial for preventing unnecessary isolation and anxiety. The implications 

of these findings are profound for public health strategies. A review emphasized that while Ag-RDTs 

may not detect all infections, particularly those with low viral loads, their ease of use, rapid 

turnaround time, and high specificity make them effective tools for frequent, widespread testing, 

especially in settings where rapid results are critical [58]. Furthermore, the performance of Ag-RDTs 

can vary between different manufacturers and test brands, highlighting the importance of evaluating 

specific products [54].  

In parallel, molecular lateral flow assays (LFA) have been developed to detect SARS-CoV-2 

nucleic acids rather than proteins, including assays targeting the conserved NIID_2019-nCoV_N gene 

region. These tests pair nucleic-acid amplification with a simple paper-based readout, enabling rapid, 

equipment-free detection with good sensitivity and specificity. By targeting a highly conserved N-

gene sequence, such molecular LFAs offer a portable and reliable alternative to laboratory-based RT-

qPCR, complementing antigen tests in point-of-care and resource-limited settings [59]. 

5.1.3. Serology Test  

SARS-CoV-2 infection triggers the production of IgM, IgG, and IgA antibodies in host, each 

appearing at different stages and providing valuable information about the timing and progression 

of infection [60]. Serology tests detect past or recent SARS-CoV-2 infection by identifying these 

antibodies. These assays expose a blood sample to SARS-CoV-2 proteins such as the spike or 

nucleocapsid, and antibody binding is then measured using enzyme-linked, chemiluminescent, or 

lateral-flow platforms. Antibody kinetics play a key role in interpretation: IgM typically rises during 

the first week of infection, IgA appears around days 4–10, and IgG develops in the second week and 

persists longer [61]. Because antibodies take time to develop, serology is not used to diagnose acute 

infection, but it is valuable for identifying prior exposure, assessing population-level immunity, 
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evaluating vaccine responses, and supporting diagnosis in cases with negative RT-PCR or 

asymptomatic infection [62,63]. Overall, serological assays complement molecular tests by providing 

insight into the host immune response and the epidemiology of COVID-19. 

5.1.4. Reverse Transcription Loop-Mediated Isothermal Amplification (RT-LAMP) 

RT-LAMP is garnering a lot of attention for point-of-care (POC) applications. It has been used to 

detect diseases including the SARS-CoV-2 virus. Between quick antigen testing and RT-qPCR, RT-

LAMP stands in the center. While the sensitivity is closer to that of RT-qPCR, the simplicity is 

comparable to that of fast antigen tests, making it appropriate for point-of-care application. [64,65]. 

This technique provides an efficient platform for identifying viral infections by amplifying the target 

nucleic acid in a single step using the PCR method at a fixed temperature (typically 60ºC). Three 

phases make up the LAMP reaction: elongation, cycling amplification, and initiation. This method 

uses four to six specially created primers to identify different nucleic acid sequences. Furthermore, 

strand-displacement polymerases reduce the reaction time by up to 30 min and do not require initial 

template denaturation. With RT-LAMP, amplified results can be seen in color, fluorescence, or under 

a UV lamp [66] 

5.1.5. Next-Generation Sequencing  

Next- generation sequencing (NGS) is a powerful technique that enables the simultaneous 

sequencing of thousands to billions of DNA fragments belonging to different organisms in a very 

short period of time with reduced cost compared to traditional sequencing techniques like Sanger’s 

sequencing [67]. Unlike PCR, which requires prior knowledge of target sequences, NGS provides an 

unbiased approach to pathogen identification, forming the molecular basis for diagnostics, vaccine 

development, and tracing pathogen spread [62].  

During the COVID-19 pandemic, NGS became indispensable for epidemiological and molecular 

surveillance with sequencing data archived in several databases including Global Initiative on 

Sharing All Influenza Data (GISAID, https://www.gisaid.org/) [68], the National Center for 

Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov/sars-cov-2/) [69], Genome 

Warehouse (https://bigd.big.ac.cn/gwh/), National Bioinformatics Center (CNCB)/National 

Genomics Data Center (NGDC) database (https://bigd.big.ac.cn/ncov/) [70] and Virus Pathogen 

Resource (https://www.viprbrc.org/) [71]. GISAID database has collected over 16 million SARS-CoV-

2 sequences determined with NGS and the number continues to increase. This has enabled the 

researchers to identify SARS-CoV-2, take up studies aimed at developing diagnostics and vaccines, 

detect mutations unlike PCR, identify new variants and perform genomic surveillance [72–74]. NGS 

revealed the virus’s origin and intermediate host, refuted speculation of artificial origins, identified 

variants of concern such as Alpha, Delta, and Omicron, and provided functional insights through 

RNA sequencing of ACE2 expression, 16S rDNA sequencing of gut microbiota changes, and single-

cell RNA sequencing of immune responses [73,75–77]. It also enabled environmental surveillance via 

metagenomic sequencing of air samples [76]. Platforms such as Illumina, Ion Torrent, Pacific 

Biosciences, and Oxford Nanopore Technology have independently developed specific library 

preparation protocols and are being used for SARS-CoV-2 sequencing [78–81] with Illumina being 

the most widely used due to its high throughput and accuracy [78]. Thus, NGS served as the 

backbone of COVID-19 genomic surveillance, providing real-time insights into viral evolution and 

guiding global public health responses. 

The enormous amount of data generated by sequencing is analyzed by bioinformatics tools to 

unravel structure of virus, management of COVID-19 and discovery of vaccines [82]. Bioinformatics 

analysis workflow generally includes quality profiling, removing host genome data, de novo 

assembly of reads into contigs, taxonomic classification and finally verification of viral genome [83–

85]. 

Next-generation sequencing (NGS) has become an essential component of epidemiological and 

molecular surveillance during the COVID-19 pandemic, offering a level of genomic resolution that 
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far exceeds traditional diagnostic assays. Unlike targeted RT-PCR, which detects predefined genomic 

regions, NGS enables unbiased whole-genome characterization of SARS-CoV-2, allowing 

simultaneous identification of known variants, detection of novel mutations, and real-time 

assessment of viral evolution [86]. This comprehensive genomic view has been critical for tracking 

the emergence, geographic spread, and diversification of variants of concern, supporting rapid 

public-health responses and guiding updates to diagnostic assays and vaccine formulations [87]. 

Beyond variant identification, NGS provides the depth needed to monitor mutation patterns 

across the entire viral genome, including changes that may affect transmissibility, virulence, immune 

escape, or diagnostic performance. Mutations in primer- or probe-binding regions can compromise 

RT-PCR sensitivity, and NGS-based surveillance enables early detection of such changes, ensuring 

that diagnostic assays remain robust as the virus evolves [88]. Both amplicon-based and capture-

based NGS approaches have proven effective for high-resolution surveillance, with studies 

demonstrating their ability to detect mixed infections, low-frequency variants, and emerging lineages 

such as Omicron [89]. 

NGS also plays a central role in phylodynamic modeling, where genomic data are integrated 

with epidemiological information to reconstruct transmission chains, estimate evolutionary rates, 

and identify outbreak clusters. These analyses have been instrumental in understanding 

superspreading events, assessing the impact of public-health interventions, and characterizing the 

introduction and establishment of new variants in different regions [90]. 

5.1.6. Nanotechnology Approaches in SARS-CoV-2 Diagnosis  

Nanotechnology has emerged as a powerful tool in the rapid and early diagnosis of COVID-19 

using nanostructured materials leading to improved therapeutic efficacy [91]. It has also been utilized 

to create infection-safe masks, self-sterilizing personal protective equipment (PPE) for medical 

professionals, and efficient disinfectants and surface coatings [92] (Table 1). Detecting viral RNA at 

early stages of disease when its concentration is low is challenging when using RT-PCR. Moreover, 

it is time consuming, needs lab space and equipment, needs trained personnel to perform test and is 

costly. Comparatively, nanotechnology offers sensitive and portable diagnostic platforms to detect 

ultralow levels of viral RNA, antigens or antibodies by combining electrical and photonic properties 

of nanomaterials with biologic molecules [93,94]. We will explore the role of nanotechnology in 

COVID-19 diagnosis in the following lines. 

Table 1. Nanotechnology based products for the prevention and detection of SARS-CoV-2. The application of 

nanotechnology in combating SARS-CoV-2 featuring innovative products developed for both prevention and 

detection of the virus. 

Name of company Country Product Function References 

GenScript USA Inc.  USA Rapid antigen test 

Gold-coated antibodies produce 

colorimetric signal on paper in 

presence of target serum 

[191,192] 

Abbot Diagnostics USA RT-LAMP  

Assay amplifies target regions of the 

SARS-CoV-2 RdRp and N gene with 

the same fluorophore within a single 

well.  

[193,194] 

Bio-Rad Laboratories 

DRG Diagnostics GmbH 

Euroimmun US Inc. 

USA ELISA 

Viral antigens are immobilized on 

plate to catch antibodies from 

patient’s antibodies 

[192,195] 

Mammoth Biosciences/ 

Sherlock Biosciences 
USA CRISPR Rapid detection of SARS-CoV-2 [196] 

Identify Sensors USA Check 4 Rapid detection of SARS-CoV-2 
www.statnano.com 

 NanoEnTek South Korea 
Frend COVID-19 

Ag 
Rapid detection of SARS-CoV-2 
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Zepto Life Technology USA COVID-19 Test Rapid detection of SARS-CoV-2 

Mologic Ltd UK COVIS-19 test Rapid detection of SARS-CoV-2 

Lucence Diagnostics Pte 

Ltd. 
Singapore 

SAFER Sample 

Kit 
Rapid detection of SARS-CoV-2 

Graphene Leaders 

Canada 
Canada 

GLCM Biosensor 

test 
Rapid detection of SARS-CoV-2 

Nanoshel India Hand Sanitizer Anti-viral 

Curran Biotech USA Filter Capture coating 

Medicevo Corporation India 
Face mask with 

graphene 

Virus control and personal 

protection 

Flextrapower USA Graphene mask 
Virus control and personal 

protection 

Integricote USA Respiratory mask 
Virus control and personal 

protection 

Master Dynamic Limited China 
Diamond face 

mask 
Virus removal 

Yamashin Filter Corp Japan Nanofiber mask Virus removal 

MVX Prime Ltd. UK Nano mask 
Anti-viral 

Anti-bacterial 

Nanomaterials and their derivative technologies have been used to create novel techniques for 

the detection of SARS-CoV-2. Because of their variable size, structure, and geometry, as well as their 

electrical conductivity, magnetic properties, surface reactivity for functionalization with 

biomolecules, and quantum or fluorescence properties, these nanomaterials are perfect for diagnostic 

support. Nanomaterial-based sensors, particularly those with porous properties, have been created 

with the purpose of directly detecting SARS-CoV-2 infectious virions [95]. Nano biosensors are 

analytical devices that combine transducer with biological sensing element to detect the specific 

biological molecules with high accuracy and speed, capture the biological response and translate it 

into electrical signals [96]. They have emerged as a pivotal tool in the rapid and sensitive detection of 

COVID-19 because of their high surface area-to-volume ratio and functional capabilities, offering 

high sensitivity and specificity in identifying SARS-CoV-2. These sensors use nanomaterials such as 

gold nanoparticles (AuNPs), carbon nanotubes, and quantum dots (QDs) to enhance the detection 

capabilities of traditional biosensors. The transducer converts biological interaction into electrical, 

optical or another measurable signal. For instance, nanobiosensors can detect viral RNA, antigens 

and antibodies with remarkable precision, often providing results in a matter of minutes [97]. 

Portable and reasonably priced point-of-care diagnostic devices have been developed as a result of 

the combination of nanotechnology with optical and electrochemical detection techniques [98]. These 

developments have greatly increased the COVID-19 diagnostics’ speed and precision, enabling 

prompt intervention and slowing the virus’s transmission. [99]. AuNPs have been employed in 

quantitative paper-based electrochemical sensor chips to detect the N gene and in colorimetric assays 

to identify target areas on the RdRp and N viral genes. They also make it possible to use lateral-flow 

assays based on colloidal AuNPs to identify certain IgM and IgG antibodies that recognize the S and 

N proteins of SARS-CoV-2. Using sialic acid-coated AuNPs for S protein detection or monoclonal 

antibodies (mAbs) coated on AuNPs, AuNPs-based lateral flow experiments identify S or N viral 

proteins [95]. 

Functional plasmonic photothermal biosensors have been utilized to detect viral genes, 

including ORF1ab, RdRp, and E, utilizing gold nanoislands (AuNIs). Iron oxide nanoparticles 

(IONPs) are used in real-time optomagnetic biosensors to identify the RdRp gene, whereas graphene 

oxide (GO) nanosheets combined with anti-S protein antibodies are used in field-effect transistor 

(FET)-based biosensing devices to identify the S antigen in clinical samples. Using MnFe3O4 

nanospheres and QD nanobeads, fluorescence-linked immunoassays identify anti-SARS-CoV-2-

specific IgG antibodies from serum. By combining a nanoparticle-based lateral flow biosensor with a 
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multiplex reverse transcription LAMP (mRT-LAMP), dye streptavidin-coated polymer nanoparticles 

(SA-DNPs) can detect ORF1ab and N genes [95]. 

In low-resource contexts in particular, these tests are helpful for point-of-care (PoC) clinics and 

are typically inexpensive. Their significance lies in their ability to monitor, identify, and manage viral 

outbreaks and community transmissions. This aids healthcare systems in promptly diagnosing and 

treating critically ill individuals [95]. 

6. Development of SARS-CoV-2 mRNA Vaccines 

During COVID-19 pandemic, the mRNA vaccine technology played a pivotal role in the 

controlling and management of the life-threatening disease. However, the successful development of 

mRNA vaccines is a result of three decades of groundwork research [100,101]. The mRNA was first 

described by Brenner and colleagues in 1961 as an unstable molecule that copies information from 

DNA [102] In1969 the mRNA was successfully transcribed in vitro [103]. However, further research 

in this area was hindered due to the challenge of rapid degradation of mRNA molecule, inefficient in 

vivo transportation, and immunogenicity.  After years of research, Krieg and colleagues synthesized 

mRNA in vitro using SP6 RNA polymerase [104,105]. Malone et. al. demonstrated that cationic lipid 

N- [1-(2,3- dioleyloxy) propyl]-N, N, N-trimethylammonium chloride encapsulated mRNA could be 

used to transfect eukaryotic cells, for the expression of mRNA in vitro [106].  In 1990, an external 

mRNA called in-vitro transcription (IVT) was expressed in host animal for the first time. Wolff and 

colleagues transferred mRNA into mouse quadriceps muscle which was successfully expressed, thus 

laying the groundwork for using mRNA as a therapeutic tool [107]. In 1992, Jirikowski GF et. al. 

successfully reversed diabetes insipidus in rats by injecting vasopressin mRNA from normal mice 

into them [108]. One of the challenges of using mRNA for therapeutic purposes was activation of 

humoral and cellular immune system against it (Pardi et al., 2018a) ([109]. Frederic Martinon made 

the first mRNA vaccine in 1992 when they developed mRNA-nanoparticle delivery system encoding 

the influenza-virus nucleoprotein [101]. In 1995, cancer research got a boost when Conry and 

colleagues developed mRNA vaccine encoding the carcinoembryonic antigen (CEA) in mice [110]. 

Katalin Karik’o and Drew Weissman found that IVT mRNA could bind to and activate specific Toll 

Like receptors (TLR3, TLR7 and TLR8) [111]. However, incorporation of modified uridine into IVT 

mRNA drastically reduced its immune recognition and greatly improved its stability and expression 

[112–114]. COVID-19 vaccines produced by BioNTech and Moderna used N1-methyl-pseudouridine 

(1mΨ) incorporated mRNA. On January 10, 2020, GISAID (Global Initiative on Sharing Avian 

Influenza Data) published the first whole-genome sequence of SARS-CoV-2 which enabled the 

production of diagnostic tests and development of vaccines against COVID-19 by biomanufacturing 

industry worldwide (Figure 2) [115,116]. Same day, Wrapp D et. al substituted two prolines with 

serine at aa986 and 987 to produce prefusion-stabilized SARS-CoV-2S (S-2P) for structure analysis 

[117]. This was followed by development of COVID-19 vaccines by many companies including 

Pfizer/BioNTech, Moderna, Johnson & Johnson/ Jenssen (Table 2). Within two months, Moderna 

prepared mRNA-1273 vaccine for clinical trial. Moving in parallel, Pfizer/BioNTech prepared 

BNT162b2 and J&J/Jenssen synthesized Ad26.COV.S vaccine. By November 2020 production and 

clinical evaluation of mRNA/LNP expressing SARS-CoV-2 S-2P (mRNA-1273) [118], BNT162b2 [119] 

with around 95% efficacy [119–121] were announced. A single dose of Ad26.COV.S vaccine showed 

efficacy of around 66.9% [121]. Of late, COVID-19 vaccines have been effective against new variants 

of SARS-CoV-2 [122–125]. 
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Figure 2. Development strategies for mRNA-LNP COVID-19 vaccine. The key stages of COVID-19 vaccine 

development. A. Collection of nasopharyngeal samples from COVID-19 patients. B. Genome sequencing of 

SARS-CoV-2 obtained from patient samples. C. Design of mRNA sequences that encode the spike protein. D. 

Encapsulation of the synthetic mRNA in lipid nanoparticles (LNPs). E. Clinical trials and regulatory review and 

approval of the vaccine. F. Large-scale production and distribution of the mRNA-LNP vaccine. 

Table 2. Recent vaccines developed for the immunity against COVID-19. Various vaccines recently developed 

to provide immunity against COVID-19. It includes key vaccines such as those based on mRNA technology, 

vector-based vaccines, and inactivated virus vaccines. 

Name of the 

company 

Name of the 

vaccine 

Adult dosage 

(www.who.int) 
Ingredients 

Biontech/Pfizer 

(USA) 
BNT162b2 

2 doses of 30µg each 

Intramuscularly 

Nucleoside-modified mRNA encoding the viral 

spike (S) glycoprotein of SARS-CoV-2 [145], DSPC, 

cholesterol, ALC-0315, ALC-0159 [197] 

Moderna 

(USA) 
mRNA-1273 

2 doses of 50µg each 

Intramuscularly 

Nucleoside-modified mRNA encoding the viral 

spike (S) glycoprotein , DSPC, cholesterol, SM102, 

DMG-PEG2000 [197] 

Novavax 

(India) 
NVX-CoV2337 

2 doses of 0.5 ml each 

Intramuscularly 

SARS-CoV-2 recombinant spike protein 

[135] 

J&J/Janssen 

(USA) 
Ad26.CoV2.S 

1 dose of  0.5 ml each 

Intramuscularly 

Recombinant, replication-incompetent Ad26 

vector, encoding a stabilized variant of the SARS-

CoV-2 Spike (S) protein.                  [121]     

Sinovac 

(China) 
Coronavac 

2 doses of  0.5 ml each 

Intramuscularly 

Aluminum hydroxide–adjuvanted, inactivated 

whole-virus vaccine [133] 

 Gamaleya  

(Russia) 
Sputnik V 

2 doses of  0.5 ml each 

Intramuscularly 

Recombinant, replication-incompetent Ad26 

vector, encoding a stabilized variant of the SARS-

CoV-2 Spike (S) protein.       [198]      

Bharat Biotech 

(India) 
Covaxin 

2 doses of  0.5 ml each 

Intramuscularly 

Alhydroxiquim-II–adjuvanted, inactivated whole-

virus vaccine [133] 

Astrazenica 

(UK) 
Covishield 

2 doses of 0.5 ml each 

Intramuscularly 

 

Recombinant, replication-incompetent ChAdOx1 

vector, encoding a stabilized variant of the SARS-

CoV-2 Spike (S) protein.  [199]                 

Sinopharm 

(China) 
BBIBP-CorV 

2 doses of 0.5 ml each 

Intramuscularly 

Aluminum hydroxide–adjuvanted, inactivated 

whole-virus vaccine [133] 
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6.1. Vaccine Candidates 

The distinguishing characteristics of a vaccine candidate includes long-lived and protective 

antibody response and reactogenicity [126]. An ideal vaccine has high efficacy and immunogenicity 

as well as being safe and devoid of infections [127]. During the present covid pandemic several 

candidates including attenuated, killed, subunit, recombinant and gene-based vaccines have been 

tested for potential vaccines against COVID-19 [128,129]. The major drawback of inactivated virus 

vaccines may be that they revert to virulence, while live attenuated virus vaccines may require 

multiple booster doses considering their minimal cell-mediated immune response [130,131]. 

Recombinant and protein-subunit vaccines have demonstrated solid and reliable efficacy, though 

results vary across platforms and study designs. Novavax’s NVX-CoV2373 remains the most 

extensively evaluated, showing about 90% efficacy against symptomatic infection and 100% 

protection against moderate-to-severe disease in Phase III trials [132]. Other recombinant vaccines, 

including ZF2001, SKYCovione (GBP510), Medigen MVC-COV1901, Abdala, and Soberana 02, have 

reported 60% to over 90% efficacy against symptomatic disease, with stronger protection against 

severe outcomes [129,133]. Many elicit robust neutralizing antibody responses, especially when 

paired with potent adjuvants, and several show improved performance when used as boosters [134–

136].  However, these vaccines also face limitations including slower recombinant protein 

production, requirement of strong adjuvants to achieve optimal immunogenicity [129], and lower 

peak neutralizing antibody levels than those induced by mRNA platforms [133]. Despite these 

drawbacks, the overall evidence indicates that recombinant vaccines provide meaningful protection, 

particularly against severe disease, and remain valuable components of global vaccination programs 

[137](CDC, 2025). mRNA vaccines, wherein a genetic fragment encodes viral peptide induces robust 

immune response for longer periods of time [138]. The SARS-CoV-2 spike protein is important for 

host recognition and invasion. It is, therefore considered to be the main immunogen for vaccine 

design [139]. It has been shown that majority of antibodies produced against SARS-CoV-2 specifically 

bind to the S protein and efficiently block the binding of virus with ACE2 [140,141]. Researchers have 

been able to precisely construct the antigen while avoiding difficult protein purification processes 

and a risky viral culture process thanks to technologies for mRNA and vector vaccines [142] 

6.2. Design and Modifications to mRNA 

mRNA vaccine sequence is synthesized in vitro and consists of nucleosides bonded together by 

the phosphodiester bonds (Wadhwa et al., 2020). It is single stranded and acts as a template for 

protein synthesis [143]. mRNA is comprised of 5’cap, 5’and 3’untranslated regions (UTR), the coding 

region (or open reading frame) and poly(A) tail [144]. Since mRNA is highly unstable and 

immunogenic, nucleoside modifications have reportedly been used to combat this as described 

earlier [114]. For this reason, mRNA1273 and BNT162b2 used m1Ψ modified mRNA for their vaccine 

design [145,146]. At the 5’end of mRNA vaccines, 7-methylguanosinetriphosphate (m7GpppNp), a 

modified nucleotide structure, called 5’cap is added to protect the mRNA from exonuclease cleavage 

and allows it to transport to cytoplasm [147,148]. 5’and 3’UTRs are present upstream and 

downstream of coding region respectively. They are untranslated regions of mRNA and are thought 

to be involved in regulating mRNA expression, recognition of mRNA by ribosomes, and post-

transcriptional modification of mRNA [149]. Studies have shown that high GC content in 5’ UTR has 

been associated with the formation of secondary structures and hence lower rate of protein initiation 

efficiency and therefore lower expression [150,151]. Conversely, high GC content within the 3’ UTR 

may help synthetic mRNAs to evade targeted degradation by ARE-binding proteins [152]. High GC 

content within the coding region has been associated with higher protein expression [153]. Coding 

region, also called as open reading frame (ORF) is comprised of triplets of nucleotides called codons 

that code for amino acids. It begins with starting codon (AUG) and culminates in stop codon (UAA, 

UAG, UGA) and its sequence dictates the sequence of amino acids in protein [148]. ORF sequences 

have been modified by several approaches to improve translational efficiency [148,154]. 
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At the 3′ end of mRNA, a polymeric chain in the range of 50-250 adenylate residues is found. It 

is called as the poly(A) tail. Poly(A) tail contributes to the stability, export and translation of mRNA 

and protects it from exonucleases [147,155]. The translation efficiency and stability of mRNA vaccines 

is balanced by optimizing length of poly(A) tail [155,156]. 

6.3. Delivery of mRNA Vaccines 

Delivering mRNA efficiently into host cells is a challenge because of the negative charge and 

hydrophilic nature of mRNA, degradation due to endonucleases and phagocytosis [157]. Thus, the 

need of delivery system arose to create effective vaccines [158]. Recent breakthroughs in nanoparticle 

(NP) research have made it possible to deliver mRNA vaccines to host cells while providing stability 

and protection against host nucleases [159,160]. Currently, mRNA vaccines are encapsulated in 

positively charged lipid-nanoparticles (LNP) to efficiently allow it to pass through cell membranes 

and escape RNase degradation ([161,162]. Both mRNA-1273 and BNT162b2 use LNP for 

encapsulation. Upon intramuscular administration, COVID-19 mRNA-LNPs bind to host cell surface 

and are internalized into antigen-presenting cells and mRNA delivered into cytosol where it 

expresses S protein antigen using host cell machinery [163]. S protein is presented at the cell surface 

in its prefusion confirmation leading to the production of antibodies and T-cell induction via MHC 

[164,165]. LNPs used in mRNA vaccines is composed of atleast four components including 

distereophosphatidylcholine (DSPC), a polyethylene-glycol (PEG)-lipid, cholesterol and an ionizable 

cationic lipid [166]. DSPC improves permeability, cholesterol increases membrane integrity and 

rigidity, PEG-lipids adjust particle size and zeta potential while ionizable lipid component increases 

transfection efficiency ([167]. 

6.4. Advantages, Limitations and Caveats 

Historically, traditional vaccines utilized the innocuous carrier molecules of a weakened or 

inactivated pathogens or the entire organism to stimulate an immune response in the form of 

antibodies. Notable pioneers, including scientists like Plett and Jenner, employed cowpox or 

horsepox virus to develop vaccines against smallpox [168,169]. These vaccines have successfully been 

used to eradicate many infectious diseases [170]. However, there are number of limitations with this 

platform including failure to work against some viruses like HIV [170], incomplete viral inactivation, 

requirement of multiple doses to attain robust and enduring immunity, risk of infection, time 

consuming and requirement of large quantities of cell culture to grow virus and requirement of 

biosafety level 3 production facilities [170,171] In contrast, mRNA vaccines employ synthetic mRNA 

that encodes a viral spike protein to prompt cells to produce a viral protein, which allows for quick 

design and production. Moreover, LNPs protect the mRNA and ensure efficient delivery into cells, 

thereby enhancing both stability and efficacy. These distinctions underscore the innovative approach 

of mRNA vaccines in rapidly addressing emerging infectious diseases [172]. mRNA vaccines have 

several advantages including rapid clinical development potential, low-cost production at large-

scale, least risk of integration into host genome, ability to target intracellular proteins, inducing 

effective humoral and cellular immune responses, leading to higher protection rates than 

conventional vaccines, as shown during the COVID-19 pandemic [173,174]. The effectiveness of 

inactivated vaccines is around 60%, adenovirus-vectored vaccines at 65%, and mRNA vaccines at 

90%. These vaccines consistently provide protection against asymptomatic SARS-CoV-2 infection, 

symptomatic COVID-19, COVID-19-related hospitalization, severe or critical hospitalization, and 

death [175].  

Although mRNA vaccines have demonstrated strong protective efficacy, several limitations 

have been reported. Myocarditis occurs more frequently in younger males, particularly after the 

second dose of the mRNA-1273 vaccine [176]. Cases of thrombocytopenia have also been 

documented, along with symptoms such as severe headache, dizziness, visual disturbances, fever, 

shortness of breath, arrhythmia, pericarditis, cardiogenic shock, and anaphylactic reactions [175,177]. 

mRNA vaccines also present important caveats. They require ultra-cold storage, which limits 
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accessibility in low-resource settings. Their reactogenicity is generally higher than that of some other 

platforms, with common short-term effects including fatigue, and injection-site pain [178]. 

Despite these concerns, mRNA vaccines offer several advantages over conventional platforms. 

mRNA can encode a wide range of proteins, enabling rapid vaccine development through simple 

sequence modification [20,21]. Production and purification processes are largely uniform across 

different mRNA vaccines, facilitating standardization and scalability [20,22]. In vitro transcription 

further streamlines manufacturing [20–22]. Additionally, mRNA vaccines possess self-adjuvanting 

properties, inducing strong and durable adaptive immune responses through cytokines such as TNF-

α and IFN-α [23], whereas protein-based vaccines require added adjuvants to achieve comparable 

immunogenicity [177]. 

Lipid nanoparticles (LNPs) play a central role in mRNA delivery, yet their components can 

contribute to toxicity. Ionizable lipids may activate immune pathways and promote inflammation, 

while PEGylated lipids can trigger immune reactions and alter biodistribution. Biodegradable 

alternatives such as trehalose glycolipids and polysarcosine are being explored to improve safety 

without compromising delivery efficiency [179]. Future LNP development aims to enhance organ- 

and cell-specific targeting, supported by advanced in-vitro platforms such as microfluidic systems. 

Strategies including cell-specific promoters, targeting ligands, optimized lipid compositions, and 

zwitterionic materials may further improve precision and biocompatibility, although active targeting 

increases manufacturing complexity [179,180]. 

Given their high effectiveness and rapid adaptability once a viral sequence is known, mRNA 

vaccines remain among the most promising vaccine technologies, particularly during pandemics 

[175]. A systemic review of 74 studies found that most adverse reactions were mild to moderate, with 

few serious events. The Pfizer-BioNTech vaccine had more reported side effects due to earlier and 

broader use. Serious adverse events were primarily allergic, neurological, and cardiovascular, 

including myocarditis and myocardial infarction. Local and systemic reactions were more common 

after the second dose and in younger individuals, but were generally short-lived. No significant 

association was found between mRNA vaccination and cardiac events other than myopericarditis. 

Pregnancy outcomes were similar between vaccinated and unvaccinated women, and allergic 

reactions were more frequent with Pfizer than Moderna. Neurological events were rare and causality 

remained uncertain. Continued safety monitoring, particularly for cardiac events, is recommended 

[181]. 

6.5. Innovations in Large-Scale mRNA Vaccines and Diagnostics 

The biomanufacturing industry entered the COVID-19 pandemic facing an unprecedented 

mandate: to develop, validate, and mass-produce diagnostics and vaccines at a scale and speed 

without modern precedent. Analyses highlight how global demand for billions of doses and tests 

placed extraordinary strain on supply chains, raw-material availability, and production 

infrastructure, forcing rapid capacity expansion and real-time process redesign [182,183]. To 

overcome the cost, scalability, and distribution limitations of conventional mRNA vaccine 

manufacturing, next-generation platforms have emerged that integrate modular architectures, 

decentralized deployment, process intensification, and advanced digital automation to enable more 

agile and globally accessible production [184]. Among these innovations, a slug-flow–based scalable 

mRNA machine provides a modular, automated system capable of producing between 1,000 clinical 

doses and 10 million commercial doses within a single regulatory-aligned framework, offering a 

practical blueprint for rapid scale-up [185]. Broader adoption of decentralized facilities, continuous-

flow processing, and intensified operations further helped manufacturers navigate raw-material 

shortages and accelerate global output, while underscoring persistent challenges in cost and quality 

management [184]. 

A major remaining barrier to widespread mRNA deployment is the need for technologies that 

can generate precisely defined LNP formulations at throughputs that scale seamlessly from discovery 

to commercial manufacturing while meeting stringent pharmaceutical quality standards [186]. A 
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notable advance is a scalable microfluidic chip platform incorporating 1×, 10×, or 256× LNP-

generation units, enabling production rates up to 17 L/h while maintaining consistent LNP size, 

composition, and in vivo potency. Fabricated from solvent-resistant silicon and glass, these chips are 

compatible with pharmaceutical workflows, fully resettable, and reusable. SARS-CoV-2 mRNA-LNP 

vaccines produced using this system elicited strong antibody responses in preclinical models, 

demonstrating its suitability for commercial-scale manufacturing [186]. Complementing these 

advances, another group developed an aqueous, scalable mRNA manufacturing process compatible 

with GMP-compliant production, along with the analytical methods required for product 

characterization, release testing, and stability assessment [187]. Optimization of plasmid preparation, 

in vitro transcription, purification, and GMP analytics further enabled the production of safe, potent, 

and globally deployable mRNA vaccines [187]. 

In parallel, diagnostic manufacturers addressed severe shortages of reagents, plastics, and 

enzymes through automation, high-throughput assembly, and regulatory flexibility [188]. While 

centralized RT-qPCR laboratories remained the gold standard for accuracy, their reliance on sample 

transport and batch processing created delays. Decentralized on-site and self-testing approaches—

particularly antigen-based lateral flow assays—expanded access to rapid testing in clinics, 

workplaces, and homes. These point-of-care tools reduced exposure risks for healthcare workers and 

enabled frequent population-level screening, though with lower sensitivity than laboratory PCR 

[188]. 

Together, these innovations in automation, process engineering, supply-chain expansion, and 

regulatory alignment enabled the biomanufacturing sector to meet the extraordinary diagnostic and 

vaccine demands imposed by the COVID-19 pandemic. 

6.5.1. Workforce and Expertise Gaps 

During the COVID-19 vaccine and diagnostic scale-up, biomanufacturers faced severe 

workforce and expertise shortages, particularly in GMP operations, large-scale biologics production, 

and emerging modalities such as mRNA and viral-vector manufacturing. Analyses show that the 

surge in global demand collided with an already limited talent pipeline, creating bottlenecks in 

engineering, quality assurance, and bioprocess operations [182,183]. Many facilities struggled to 

recruit experienced staff and instead relied on accelerated cross-training, redeployment of personnel 

from non-critical programs, and emergency upskilling initiatives supported by governments and 

industry consortia (NIIMBL. 2022 Workforce Development Report). Regulatory agencies also introduced 

temporary flexibilities that allowed newly trained workers to operate under enhanced oversight, 

helping stabilize production during peak demand (FDA, 2020–2022; EMA, 2020). Although these 

measures mitigated immediate shortages, expert assessments emphasize that they were stop-gap 

solutions rather than long-term fixes, and that sustained investment in biomanufacturing education 

and workforce development remains essential for future pandemic preparedness (NIIMBL. 2022 

Workforce Development Report [[183]. 

7. Discussion 

The rapid global response to COVID-19 demonstrated how profoundly the biomanufacturing 

industry shapes modern public-health preparedness. While traditional vaccines have long been 

effective in controlling infectious diseases, the pandemic underscored the limitations of conventional 

platforms and accelerated the transition toward next-generation technologies. RNA-based vaccines 

emerged as transformative tools, with RNA platforms offering unparalleled speed in design, 

optimization, and production [189]. Decades of foundational research in mRNA biology, delivery 

systems, and lipid nanoparticle engineering enabled the swift development of the Pfizer-BioNTech 

and Moderna vaccines, which exceeded expectations in both efficacy and scalability [190]. Their 

success established mRNA technology as a versatile platform not only for pandemic response but 

also for future therapeutic applications. 
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The biomanufacturing industry played a central role in translating these scientific advances into 

deployable products at an unprecedented pace. To meet global demand, manufacturers rapidly 

expanded production capacity, implemented advanced bioprocessing strategies, and optimized 

upstream and downstream workflows. Strategic collaborations between pharmaceutical companies, 

contract manufacturing organizations, and regulatory agencies facilitated rapid technology transfer, 

harmonized quality standards, and accelerated time-to-market. These partnerships enabled efficient 

resource sharing, minimized production bottlenecks, and ensured consistent vaccine supply across 

diverse regions. 

At the same time, the pandemic exposed critical vulnerabilities in global manufacturing systems, 

including shortages of raw materials, limited availability of specialized equipment, and workforce 

constraints. The cold-storage requirements for mRNA vaccines, which often demand ultra-low 

temperatures and specialized freezers, dry ice logistics, and strict handling protocols, added a further 

layer of complexity, increasing costs, limiting distribution in low-resource settings, and raising the 

risk of potency loss if the cold chain is interrupted. These challenges highlighted the need for more 

resilient supply chains, diversified manufacturing hubs, and sustained investment in 

biomanufacturing infrastructure and R&D. The lessons learned from COVID-19 emphasize that 

scientific innovation must be paired with robust, flexible, and globally coordinated manufacturing 

capabilities to ensure rapid and equitable access to diagnostics and vaccines during future health 

emergencies. 

To address the unprecedented demand, the biomanufacturing industry has significantly scaled 

production, utilizing advanced facilities and bioprocessing techniques. Collaborations between 

pharmaceutical companies and contract manufacturing organizations have expedited vaccine 

availability through resource optimization and knowledge sharing. 

8. Conclusion 

The COVID-19 pandemic highlighted the essential role of the biomanufacturing industry in 

rapidly developing and scaling diagnostics and vaccines. Advances in molecular testing, next-

generation sequencing, nanotechnology, and RNA-based platforms enabled an unprecedented global 

response, even as the crisis exposed vulnerabilities in supply chains, workforce capacity, and 

manufacturing infrastructure. Moving forward, the modularity of RNA therapeutics, combined with 

innovations such as self-amplifying RNA, next-generation microfluidic mixers, integrated 

production suites, and AI-enhanced platforms promises to transform biomanufacturing. These 

technologies support more flexible, decentralized, and scalable manufacturing models, aligning with 

global efforts to establish domestic RNA production capacity and improve preparedness for future 

pandemics. Emerging multiproduct facilities capable of producing diverse RNA therapeutics on 

demand will enhance resilience, expand access to rare-disease treatments, and accelerate progress 

toward personalized RNA medicines. The lessons and innovations from COVID-19 thus lay the 

foundation for a more agile and globally accessible biomanufacturing ecosystem. 
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