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Abstract 
 

An integrated approach combining both preventive and therapeutic strategies is 

essential for combating viral infections, including diseases caused by coronaviruses. 

The discovery of potent and specific antiviral drugs can significantly complement 

COVID-19 vaccine efforts but novel approaches are also needed to strengthen and 

safeguard both strategies. These include the development of small molecule inhibitors 

and innovative methods to detect substandard/falsified (SF) vaccines.  

Currently, there is a shortage of potent oral antiviral drugs against SARS-CoV-2. Drug 

discovery efforts described in this study have led to the identification of three novel 

directly acting antivirals targeting the viral main protease, all showing strong inhibition of 

SARS-CoV-2 replication. In addition, the host-targeting antiviral iminosugar MON-DNJ 

demonstrated broad-spectrum activity against both SARS-CoV-2 variants and human 

coronavirus OC43. 

To address the threat of SF vaccines, new analytical methods have been developed to 

assist key shareholders in the future, including national regulatory authorities. Mass 

spectrometry (MS)-based techniques successfully distinguish genuine vaccines from 

counterfeit versions by analysing excipients. Furthermore, MALDI-ToF MS analysis of 

vaccine vial labels offers a non-invasive means of verifying authenticity. Simple low-cost 

assays also prove effective for detecting ethylene glycol and diethylene glycol 

contamination in raw materials and medicinal syrups, as well as for assessing heat-

induced degradation in sucrose-containing vaccines via glucose detection.  

Together, the advances in antiviral drug discovery and SF vaccine detection presented in 

this thesis provide critical tools to reinforce both therapeutic and preventive responses 
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against corona- and other viruses. Their implementation could strengthen pandemic 

preparedness and improve future public health resilience.  

 

Keywords: antiviral, drug discovery, coronavirus, COVID-19, SARS-CoV-2, vaccine, 

substandard/falsified, supply chain, MALDI-ToF, mass spectrometry 
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1 
Advancing therapeutic and preventive 

strategies to combat coronavirus 

 

Viruses are everywhere around us, and historical viral epidemics and pandemics should 

have become constant reminders that we need to continue to advance strategies for 

combating them. Past pandemics revealed multiple factors that influenced their 

outcomes, including virus detection, diagnostic testing, contact tracing, social 

distancing, isolation, therapeutics, vaccines, transparent communication, healthcare 

authorities, and pandemic decision-making (1). Both therapeutic and preventive 

strategies have been considered amongst the most important aspects of combating viral 

diseases, including coronavirus disease 2019 (COVID-19) (2). The rapid development of 

vaccines in response to the COVID-19 pandemic was admirable. However, attempts to 

develop new therapeutics have not paralleled this success with regard to speed and 

efficacy, and the pandemic has highlighted the lack of specific antiviral drugs that can 

prevent an epidemic from turning into a catastrophic pandemic, causing a global 

emergency (3). Both strategies, vaccination and antiviral drug treatment together, proved 

to be synergistic in preventing mortality and disease progression in COVID-19 patients, 

as documented, e.g. for molnupiravir and nirmatrelvir/ritonavir and two vaccines, 
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CoronaVac and COMIRNATY, in Hong Kong (4). This desirable synergistic effect can also 

be aimed for future pandemics as long as both avenues are available. In addition, 

antivirals will always still be needed even if vaccines are available as they offer some 

additional advantages: they can be used to treat new coronavirus variants that existing 

vaccines may have lost their potency for, cover immunocompromised individuals and 

those who do not develop a sufficient level of immunity post-vaccination or 

unvaccinated people with high-risk of exposure, to reduce viral load and the spread of 

infection (5). 

Previous coronavirus epidemics highlighted the need to identify therapeutic drugs 

that could work against all coronaviruses (6). Early on in the COVID-19 pandemic, 

potentially repurposable drugs were evaluated against severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2), the causative agent of COVID-19 (7); 

developments of new specific drugs were initiated at the same time, during which some 

drugs showed early promise to be developed into therapeutics against coronaviruses 

(8,9). To date, several drugs have been approved for clinical use or are under emergency 

use authorisation (EUA), e.g. remdesivir (Veklury), nirmatrelvir/ritonavir (Paxlovid), 

molnupiravir (Lagrevio), and ensitrelvir (Xocova) (10,11). 

The rapid development of COVID-19 vaccines was a great success in biomedical 

research (12), and billions of vaccine doses have been distributed and administered 

worldwide within the two years (2020-2022) of the pandemic (13). However, supply 

chains of COVID-19 therapeutics and vaccines, along with those of other medical 

products, are at risk once these products leave the manufacturers’ sites, as there is a 

lack of appropriate quality assurance systems. Irresponsible and criminal counterfeit 

activities put the wider world at risk, as evidenced by the global surge of 

substandard/falsified (SF) vaccines and medical products (14). 
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In this thesis, the development of methods to advance therapeutic and preventive 

strategies for combating coronaviruses, amongst other indications, is investigated. To 

advance the development of a potential broad-spectrum antiviral, I investigated the 

potency of small molecule antiviral compounds, which is described in Chapters 2 and 3. 

Chapter 2 focuses on directly acting antivirals (DAAs) while Chapter 3 describes the 

host-targeting antiviral (HTA) approach. In Chapters 4 and 5, I investigate the 

development of methods to identify SF vaccines, including COVID-19 vaccines. In 

Chapter 4, the development of a matrix-assisted laser desorption/ionisation time of 

flight (MALDI-ToF) mass spectrometry (MS) method and its proposed use for detecting 

falsified COVID-19 vaccines in near real-life situations is discussed. Chapter 5 describes 

methods to detect substandard vaccines by detecting the degradation of an excipient in 

the vaccine formulation due to high-temperature exposure. The developed MALDI-ToF 

MS method was then adapted to also successfully detect the harmful contaminants 

ethylene glycol (EG) and diethylene glycol (DEG) in raw materials and medicinal syrups, 

which is presented in Chapter 6. Chapter 7 summarises the thesis and points out future 

directions in the fields of preventive and therapeutic pandemic preparedness.  

 

1.1. Coronavirus and human disease 

 
Coronaviruses (family Coronaviridae, subfamily Orthocoronavirinae) are the cause of 

respiratory and intestinal infections in animals and humans. The family Coronaviridae is 

divided into four genera. Alphacoronaviruses and betacoronaviruses exclusively infect 

mammalian species, while gammacoronaviruses and deltacoronaviruses have a wider 

host range, including avian species (15). Coronaviruses that are important human 

pathogens have been recorded in history; these include the alphacoronaviruses, Human 
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Coronavirus (HCoV) 229E and HCoV NL63. Amongst the betacoronaviruses, some 

viruses cause mild to severe respiratory symptoms, including HCoV OC43, HCoV HKU1, 

severe acute respiratory syndrome coronavirus 1 (SARS-CoV-1), Middle East respiratory 

syndrome coronavirus (MERS-CoV), and SARS-CoV-2 (16). In the last two decades, the 

world has seen the emergence of Coronaviridae, causing a significant impact on public 

health. The pathogenic human coronaviruses are thought to be a spillover of an animal 

coronavirus (specifically a bat coronavirus) developing into strains capable of human-

to-human transmission with rapid spread and continuous evolution in the human 

population (17). For SARS-CoV-1 in 2002, MERS-CoV in 2012, and SARS-CoV-2 in 

2019/2020, the estimated human mortality rates reached 10%, 34.4% and 3.6%, 

respectively (18). SARS-CoV-2 has caused a global pandemic with more than 777.37 

million cases and 7.09 million confirmed deaths (Our World in Data, 

https://ourworldindata.org/grapher/ cumulative-deaths-and-cases-covid-19, as of 02 

February 2025). SARS-CoV-2 is characterised as highly transmissible between humans 

and causes more asymptomatic cases or cases with undifferentiated mild symptoms 

than symptomatic ones, generating problems in containing the infection and preventing 

its spread (19–21). From an evolutionary perspective, new variants of SARS-CoV-2 are 

continuously emerging, e.g. the Omicron variant, which was estimated to be up to 70% 

more transmissible than the previously circulating virus variants (22,23). In terms of total 

infection numbers, both SARS-CoV-1 and MERS-CoV infections combined did not reach 

even 1% of the world's infections caused by SARS-CoV-2 (19). 

Coronaviruses are enveloped viruses with a genome of positive-sense single-

stranded ribonucleic acid (RNA) molecules (16). The coronavirus genome is unusually 

large for an RNA genome, ranging from 27.3 to 31.3 kb in length, with a typical order of 

the gene for the replicase followed by genes encoding structural proteins Spike (S), 
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Envelope (E), Membrane (M), and Nucleocapsid (N) (24,25). The replicase gene occupies 

the largest part of the genome and encodes non-structural proteins (NSPs), such as 3-

chymotrypsin-like protease 3CLpro or main protease (Mpro), papain-like protease (PLpro), 

and RNA-dependent RNA polymerase (RdRp) (25,26).  

The typical morphological characteristic of coronaviruses is the fringe on their 

surface forming a ‘spike’ formation resembling the solar corona when observed in 

negative-stained electron microscopy, from which the name coronavirus is derived 

(16,24). The binding of the S protein to the host cellular receptor angiotensin-converting 

enzyme 2 (ACE2), together with the action of the cell surface transmembrane protease, 

serine 2 (TMPRSS2), induces virus-cell membrane fusion, which mediates viral entry that 

plays a vital role in virus invasion (15) (Figure 1.1).  

After virus entry, the release of the viral genome is followed by the immediate 

translation of viral proteins through two large open reading frames (ORFs), namely 

ORF1a and ORF1b, generating viral proteins that form the viral replication and 

transcription complex. The CLpro/Mpro and PLpro proteases cleave the virus polypeptide 

into 16 NSPs. Structural glycoproteins are synthesised in the endoplasmic reticulum 

(ER) membrane for transit through the ER-to-Golgi intermediate compartment (ERGIC). 

Newly synthesised genomic RNA is encapsulated and buds into the ERGIC to form a 

virion. The new virions leave the cell via lysosomes and can infect other susceptible cells 

(15,27). SARS-CoV-2 infection also activates the acid sphingomyelinase/ceramide 

system, resulting in the formation of ceramide-enriched membrane domains that serve 

viral entry and infection by clustering ACE2 (28). Therefore, both the S protein and some 

NSPs have become the key targets of antiviral drug discovery efforts (29) (Figure 1.1). 
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Figure 1.1. Coronavirus life cycle and the mechanistic actions of antiviral drugs within the viral 

replication process, using SARS-CoV-2 as an example. Directly acting antivirals (DAAs) target viral 

proteins and include the monoclonal antibody (mAb) biologicals against the Spike (S) protein of 

the virus, the main protease (Mpro) inhibitors, nucleoside analogues, and RNA-dependent RNA 

polymerase (RdRp) inhibitors. Host-targeting antivirals (HTAs) target human proteins involved in 

viral replication and include inhibitors of viral entry, functional inhibitors of acid 

sphingomyelinase activity (FIASMA), and inhibitors of viral glycoprotein processing. 

Immunomodulatory drugs modify the negative effects of an overreacting immune system, such 

as the interleukins and JAK 1/2 inhibitors. Image reproduced from Arman BY, et al. 2023 (9). 

 

1.2. Antiviral drug discovery against coronavirus 

 
COVID-19 was an unprecedented pandemic where specific therapeutics in the form of 

antiviral drugs were not available at the outset (3). Initial efforts to search for new drugs 

against COVID-19 were focused more on the development of repurposed small molecule 

drugs and monoclonal antibodies (mAbs) to deliver treatments quickly, given the long 

drug discovery timelines (30). Lessons learned from COVID-19 highlight the need to 
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develop and stockpile drugs for emerging viruses, and such pandemic preparedness will 

be vital to better combat pandemic threats of the future (6).  

Small molecule antivirals may offer advantages in the fight against COVID-19 as 

they can offer cross-reactivity against new virus variants and are able to reduce viral load 

and thereby also the risk of spreading infection. They can also be used by 

immunocompromised individuals and those who do not develop a sufficient level of 

immunity post-vaccination or unvaccinated people with high risks of exposure (5). Even 

when some useful drugs were identified and approved (e.g. remdesivir), their availability 

was often limited by supply constraints, and there was a need to prioritise their use for 

patients at higher risks of clinical progression (11).  

 
Figure 1.2. Drugs in development or approved against SARS-CoV-2 based on their mechanism of 

action. Drugs investigated in randomised controlled trials (RCTs) fall into three major categories: 

directly acting antivirals, host-targeting antivirals, and immunomodulatory drugs. Examples of 

drugs tested in RCTs at the time of writing this thesis are shown. Drugs granted emergency use 

authorisation (EUA) and full approval are printed in blue. FIASMA, Functional inhibitors of acid 

sphingomyelinase activity. Image was modified and updated from Arman BY, et al. 2023 (9).  
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Drugs that were investigated for their potential use against SARS-CoV-2 in in vitro 

studies as well as in COVID-19 randomised controlled trials (RCTs) generally fall into 

three categories based on their proposed mechanism of action: directly acting antivirals, 

host-targeting antivirals, and immunomodulatory drugs (Figure 1.2) (9). Among current 

COVID-19 therapeutics, many are repurposed drugs being evaluated in line with past 

investigations as SARS-CoV-1 and MERS-CoV therapeutics (7).  

 

Figure 1.3. COVID-19 disease progression and the windows of opportunity for antiviral drugs. 

DAAs and HTAs are most effective for an intervention in the earlier stages of disease in mild to 

moderate cases when the viral load is increasing and detectable by RT-PCR. Immunomodulatory 

drugs are more potent in later disease phases when the host immune system responds to the 

infection, and clinical manifestations in severe to critical cases may include a cytokine storm. 

Image reproduced from Arman BY, et al. 2023 (9). 

 

In parallel, industry efforts have come up with new antiviral drugs that are effective 

against SARS-CoV-2, such as nirmatrelvir/ritonavir and ensitrelvir (31–33). Collaborative 

open science efforts from people with collective trust, combined with sufficiently 
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diverse expertise and perspectives that avoided bureaucracy, proved to be effective in 

rapidly reaching and implementing strategic decisions in coronavirus drug discovery, 

such as in the COVID Moonshot project (30,34). 

With the diverse range of clinical manifestations, from mild to severe disease, 

accompanied by high mortality caused by the COVID-19 disease progression (35), the 

window of opportunity for deploying antiviral drugs is crucial, with antivirals being more 

effective when administered early in the course of the disease (36) (Figure 1.3). Both 

DAAs and HTAs can potentially be used within the first week of disease symptoms when 

the viral load is high. In the later stages of the disease, the virus no longer drives the 

disease. At this point, virus-targeting drugs will be less effective, and 

immunomodulatory drugs have the potential to control the excessive immune response 

that can lead to organ damage. Some DAAs and immunomodulatory drugs used against 

COVID-19 have been listed in the Food and Drug Administration (FDA) list of Drugs and 

Non-Vaccine Biological Products (Table 1.1). 

 

1.3. Therapeutic approaches 

 
1.3.1. Directly acting antivirals (DAAs) 

 
Directly acting antivirals are expected to efficiently suppress viral replication in vivo since 

these drugs specifically target the virus (57). Hence, they will be most effective if 

administered early in infection, before or as the virus reaches the peak of its replicative 

phase, thus preventing the progression to severe disease (58) (Figure 1.3).  
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Table 1.1. Biologicals and small molecule antiviral drugs granted Food and Drug Administration 

(FDA) full approval or emergency use authorisation (EUA) for the treatment of COVID-19*. 

Drug Name 
Approval 

Status 
Drug Description 

Mechanism of 

Action 
References 

Remdesivir (brand 

name Veklury) 

Full 

approval 

RdRp inhibitor DAA (37,38) 

Pemivibart (brand 

name Pemgarda) 

EUA Recombinant human 

monoclonal IgG1λ 

antibody against S 

protein 

DAA (39) 

Vilobelimab (brand 

name Gohibic) 

EUA Recombinant chimeric 

monoclonal IgG4 

antibody that binds to 

the soluble human 

complement split 

product C5a 

Immunomodulatory 

drug 

(40,41) 

Kineret (brand name 

Anakinra) 

EUA Interleukin-1 (IL-1) 

receptor antagonist 

Immunomodulatory 

drug 

(42,43) 

Molnupiravir (brand 

name Lagevrio) 

EUA Nucleoside analogue 

incorporating mutations 

in the RNA elongation 

process 

DAA, RdRp inhibitor (44,45) 

Nirmatrelvir/ritonavir 

(brand name 

Paxlovid) 

Full 

approval 

SARS-CoV-2 main 

protease (Mpro) inhibitor 

DAA, Mpro inhibitor (46,47) 

Baricitinib Full 

approval 

JAK 1/2 inhibitor Immunomodulatory 

drug 

(48–51) 

Tocilizumab (brand 

name Actemra) 

Full 

approval 

IL-6 inhibitor Immunomodulatory 

drug 

(52–55) 

DAA, directly acting antiviral; JAK, Janus kinases; Mpro, main protease; RdRp, RNA-dependent 

RNA polymerase. *Extracted and expanded from the FDA EUA list for Drugs and Non-Vaccine 

Biological Products at https://www.fda.gov/drugs/emergency-preparedness-drugs/emergency-

use-authorizations-drugs-and-non-vaccine-biological-products (56) and the NIH COVID-19 

treatment guidelines (11) (both accessed 3 April 2025). 

 



ADVANCING STRATEGIES TO COMBAT CORONAVIRUSES 

 

11 
 

This small window of opportunity limits the use of DAAs (58). If the viral targets are 

sufficiently different from any related host cell off-targets, DAAs with limited toxicity 

could be developed (5). However, a drawback of DAAs is the generation of resistance 

mutations in the targeted viral proteins that may lead to reduced efficacy (59,60), as 

observed in many viruses, including herpesviruses, varicella-zoster virus, 

cytomegalovirus, and hepatitis B virus (HBV) (61).   

 

1.3.2. Host-targeting antivirals (HTAs) 
 

Host-targeting antivirals are drugs that target host cell mechanisms required for viral 

replication (58). This class of drugs includes small molecule agents that modulate virus-

host interactions by inhibiting human proteins used by the virus in its life cycle. HTAs are 

considered the next frontier of coronavirus drug discovery with the potential for broad-

spectrum activity and a smaller likelihood of generating drug resistance. They can be 

used as a prompt response even before detailed information about a newly emerging 

virus becomes available (8,59,60,62). However, since HTAs target host proteins, there 

are also higher risks of unintended off-target effects (63).  

 

1.3.3. Immunomodulatory drugs 
 

Immunomodulatory drugs are a class of drugs used to modify the negative effects of 

overreacting immune systems that target the inflammatory reaction happening in 

patients and the potential cytokine storm in some severe cases (64). Recent 

investigations focused on agents commonly used in inflammatory conditions, including 

corticosteroids, hydroxychloroquinone, inhibitors of Interleukin (IL)-1 and IL-6, Tumor 

Necrosis Factor-alpha (TNF-α) inhibitors, Janus kinases (JAK) inhibitors, and mAbs (with 
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named examples shown in Figure 1.2) (65,66). To date, emerging data show the 

protective effect of immunomodulatory drugs in reducing COVID-19 features and the 

improvement of patient recovery (64,67). 

 

1.4. Safeguarding vaccines and medical products from 

substandard and falsified conditions 

 

The rapid development of vaccines against COVID-19 was a remarkable success in 

biomedical research marked by the supply, distribution, and administration of billions of 

vaccine doses worldwide (13). However, inequitable global distribution of COVID-19 

vaccines has been associated with increasing concerns about the occurrence and 

impact of SF vaccines (14,68,69). According to the World Health Organization (WHO), 

approximately 10.5% of all medical products distributed in low- and middle-income 

countries (LMICs) are either substandard or falsified (70,71). This estimate is deeply 

concerning and suggests a significant but neglected risk, potentially leading to higher 

rates of illness and death, as well as eroding public trust in healthcare systems and 

causing economic harm (72). 

Substandard or ‘out of specification’ medical products are products that have 

already been authorised for marketing yet fail to meet either their quality standards or 

specifications, or both (71). For example, if the vaccine cold chain is not maintained in 

the supply chain, this is likely to result in a poor-quality substandard vaccine. In contrast, 

falsified products refer to products that deliberately or fraudulently misrepresent their 

identity, composition, or source (71).  

SF medical products pose a significant threat to health as they are of poor quality, 

unsafe and/or ineffective (73). Moreover, the scale of the problem is often 
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underestimated due to the lack of monitoring and intervention systems (14). In the public 

domain, between 12th March 2020 and 31st March 2022, there have been 184 incident 

reports of diverted and SF COVID-19 vaccines from 48 countries, and most cases of 

vaccine falsification have been in LMICs (74). 

To date, there are no devices or protocols for the National Regulatory Authority 

(NRA) inspectors to screen for SF vaccines in supply chains. This highlights the failure to 

meet the critical role of NRAs to prevent, detect and remove SF medical products (75). 

The monitoring of SF medical products should also be an intrinsic part of disease 

surveillance programs (76). 

There is a dire need for innovative, accurate, affordable, rapid and user-friendly 

screening devices that can be effectively implemented to rapidly detect SF vaccines at 

different levels of supply chains (77). For effective application, devices are needed to 

cover all levels of the supply chain. Of note, a single device will not ever be able to cover 

all required levels. The developed devices must be adapted to the circumstances 

encountered and must be accurate, affordable and effective for those levels (78). The 

developed tools will empower inspectors, regulators and vaccine manufacturers as the 

key end users and could be integrated into the national regulatory standards and WHO’s 

Prevent, Detect, and Respond strategy (14). 

During the early phase of the COVID-19 pandemic, a consortium of scientists 

assembled to perform urgent research to develop tools for detecting SF vaccines. The 

Vaccine Identity Evaluation (VIE) team includes virologists, biochemists, chemists, 

physicists, pharmacists and clinicians from the Nuffield Department of Medicine, the 

Biochemistry Department and the Chemistry Department of the University of Oxford, the 

Rutherford-Appleton Laboratory of UK Research and Innovation (UKRI), the University of 
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East London, and Agilent Technologies. The VIE team is actively collaborating with the 

WHO, NRAs, vaccine manufacturers, and other stakeholders. 

During the course of my thesis work, the VIE team extended its scope to also 

include method development for the detection of harmful and potentially lethal DEG and 

EG contamination in medical products. These alcohols have mostly and tragically been 

found in children’s medicinal syrups, and in 2022, more than 300 children died due to 

syrups contaminated with DEG and/or EG (79,80). Contamination may result from either 

the substitution or adulteration of the ingredients during the pharmaceutical 

manufacturing process, a failure to adhere to manufacturing quality control (QC) 

procedures (81,82), or both. The ingestion of toxic alcohols DEG and EG can cause 

severe metabolic acidosis, acute renal failure, and death (83). Both DEG and EG are 

legitimately used in industrial production of, e.g. brake fluid, antifreeze and glues, and 

most intoxications result from accidental oral ingestion of products containing these 

alcohols, or in sporadic cases from suicide attempts  (81).  

 

1.5. Multi-pronged efforts to tackle coronavirus disease 

 

From the recent COVID-19 pandemic, we learned that a comprehensive, multipronged 

approach is needed to combat coronaviruses (1). Both therapeutic and preventive 

measures are crucial and need to be supported by continuous research for pandemic 

preparedness. Accelerated drug discovery efforts during the pandemic yielded multiple 

novel DAAs with clinical efficacy, including small molecule inhibitors and mAbs (Figure 

1.2 and Table 1.1) (9). To prepare for future pandemics, this needs to be supported by a 

large-scale investment, developing an arsenal of broad-spectrum antivirals beyond 



ADVANCING STRATEGIES TO COMBAT CORONAVIRUSES 

 

15 
 

coronaviruses and building worldwide clinical trial networks that can be rapidly utilised. 

In addition, more research is needed to generate vaccines with long-term and broad 

immunity profiles (1), with sufficient and equal worldwide distribution and effective 

safeguarding measures to prevent the surge of SF vaccines. The open and consistent QC 

measures would improve the trust in vaccination strategies.  

 

1.6. Study aims 

 

The aims of this study are twofold: 1) To evaluate existing and novel directly acting and 

host-targeting antivirals for their broad-spectrum activity against multiple 

coronaviruses, and 2) To develop new tools for safeguarding vaccines and medicinal 

syrups, in the face of increased risks from substandard and falsified products.  

 

Publication arising from this chapter 

The substance of this chapter has now been published in the following paper: 

Arman BY, Brun J, Hill ML, Zitzmann N, von Delft A. An Update on SARS-CoV-2 Clinical 

Trial Results-What We Can Learn for the Next Pandemic. Int J Mol Sci. 2023 Dec 

26;25(1):354.  
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2 
Cellular screening of small molecule main 

protease (Mpro) inhibitors as antiviral drugs 

against coronavirus 
 

An important lesson learned from the COVID-19 pandemic is the need to develop and 

stockpile specific antiviral drugs to prevent an epidemic from becoming a global 

emergency (3). Despite the theory that drug repurposing makes existing drugs with 

antiviral effects rapidly available, recent RCTs revealed that repurposed drugs failed to 

reach the expected clinical benefits (9). For COVID-19, novel drug development yielded 

promising DAAs that are now approved for use against SARS-CoV-2 or authorised for 

emergency use (described in Chapter 1).  

This chapter describes my involvement in research to discover novel DAA drugs 

against coronaviruses. Using cell-based antiviral assays, small molecule antivirals 

targeting the Mpro were screened to identify drug candidates with antiviral properties 

against SARS-CoV-2 and other human coronaviruses. I joined the Zitzmann group whilst 

cellular screening of SARS-CoV-2 antiviral compounds was ongoing. The compounds 

screened include those developed by the COVID Moonshot consortium, a global multi-

disciplinary collaboration aiming to develop SARS-CoV-2 protease inhibitors that are 

potent and specific against SARS-CoV-2. I also modified the focus forming unit (FFU) 
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assay, initially developed for SARS-CoV-2, for use in HCoVs. Together, this work may aid 

the discovery of potent antiviral drugs against coronaviruses. 

 

2.1. Introduction 

 

Early on during the COVID-19 pandemic, repurposed drugs were evaluated against 

SARS-CoV-2 (7). Although initial promising results were obtained (8), RCTs revealed that 

repurposed drugs failed to reach clinical benefits (9,84,85) or were likely linked to 

insufficient exposure at the approved concentration (86). Many compounds progressed 

to clinical trials based only on their in vitro efficacy without modelling and addressing 

pharmacokinetic (PK) and bioavailability profiles (86). This highlights the urgent need for 

the development of new specific antiviral drugs against coronaviruses, with good PK and 

bioavailability, and ideally showing activity against a broad range of coronaviruses (pan-

coronavirus drugs).  

Recent drug development yielded promising DAAs already approved for use 

against SARS-CoV-2 or authorised for emergency use only (Figure 1.2 and Table 1.1 of 

Chapter 1). DAA targets virally encoded proteins directly and efficiently suppresses viral 

replication in vivo (8,57,87). This class of drugs includes small molecules and 

antibodies, and common targets include key enzymes like viral polymerases and 

proteases, such as the SARS-CoV-2 3CLpro, also known as Mpro, and PLpro, or viral entry 

and fusion proteins (8,57). Some DAAs target Mpro as the critical enzyme that cleaves 

SARS-CoV-2 polyproteins and is essential for viral replication (47). The enzyme has an 

active site that is distinct from known human proteases, and thus inhibitors to Mpro are 

unlikely to have prohibitive toxic side effects in humans. Mpro also shares a high degree 
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of conservation across different coronaviruses and is considered one of the best-

characterised viral drug targets (88–91). 

 

2.1.1. Protease inhibitors 

 

The coronavirus replication depends on the role of virus proteases encoded by the virus 

genome that cleave the translated polypeptide into virus NSPs. Two major conserved 

enzymes, the CLpro/Mpro and PLpro, cleave the virus’s polypeptide into 16 NSPs, where Mpro 

alone processes 11 NSPs, making this enzyme one of the major targets for antiviral drug 

discovery (92) and protease inhibitors are considered excellent drug targets for COVID-

19 treatment (87). Compounds classified as Mpro inhibitors have been the focus of drug 

discovery that targets binding to SARS-CoV-2 Mpro either covalently or non-covalently 

(93), and both drug repurposing and novel development strategies have been pursued in 

Mpro inhibitor development.  

 

2.1.2. Repurposed protease inhibitors 

 

Early in the pandemic, many RCTs focused on repurposed drugs, including protease 

inhibitors with known safety profiles and efficacy against other viruses (84,94). Examples 

of repurposed drugs with in vitro activity against SARS-CoV-2 protease are lopinavir, 

ritonavir, darunavir, and danoprevir, with the lopinavir/ritonavir combination (brand 

name Kaletra or Aluvia) as the most investigated (87). Lopinavir was originally developed 

as a human immunodeficiency virus (HIV) protease inhibitor. It showed potential for the 

treatment of SARS-CoV-1 with a moderate half-maximum inhibitory concentration (IC50) 



MAIN PROTEASE (MPRO) INHIBITORS DRUG DISCOVERY 

19 
 

of 26 μM in vitro (95,96). However, lopinavir may still have a beneficial effect in 

combination with a so-called “PK enhancer”. Ritonavir has often been used as a PK 

enhancer in HIV therapy, based on its potent inhibition of the metabolising enzyme 

cytochrome P450 3A, increasing the exposure and half-life of the co-dosed compound 

(95,97,98). The inhibition of cytochrome P450, however, has the negative effect of 

increasing the risk of drug interaction and side effects, preventing its use in patients with 

severe renal or hepatic impairment (31,99,100). The use of the lopinavir/ritonavir 

combination has been assessed in RCTs where a limited efficacy was observed from its 

use in severe and hospitalised patients with COVID-19 (101–103). Due to this failure to 

show any clinical benefit, lopinavir/ritonavir is therefore not recommended as COVID-19 

standard care for hospitalised patients in the NIH guidelines (11,104,105). A summary of 

RCT results is presented in Appendix 1, as published in Arman BY, et. al. 2023 (9). 

Darunavir is another HIV protease inhibitor in clinical use in combination with the 

PK enhancer cobicistat (106). Darunavir was not active against SARS-CoV-2 in vitro at 

clinically relevant concentrations (107) and, in line with these results, did not show 

clinical efficacy in COVID-19 RCTs (Appendix 1). 

Danoprevir, a hepatitis C virus (HCV) protease (NS3/4A) inhibitor that is used in 

combination with ritonavir (108), showed cellular activity against SARS-CoV-2 with a 

half-maximum effective concentration (EC50) of 87 µM in Vero E6 cells (109). In 

hospitalised patients infected with SARS-CoV-2, danoprevir with ritonavir shows a good 

safety profile (108) with shorter times to PCR negativity and shorter hospital stays 

compared to the lopinavir/ritonavir group (110). The efficacy of danoprevir needs to be 

assessed in further large-scale clinical trials. 

Disulfiram, a potent anti-inflammatory agent and hepatic aldehyde 

dehydrogenase inhibitor, has been repositioned from its use as a drug to treat alcohol 
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use disorder due to its properties as an inhibitor of viral proteases (111,112). Disulfiram 

has been reported to inhibit PLpro protease enzymes of MERS-CoV and SARS-CoV-1 in 

vitro and thus inhibit coronavirus infection (113). Disulfiram also targets Mpro of SARS-

CoV-2, although in a non-specific fashion (114). Disulfiram reduces the incidence and 

severity of COVID-19 (111) and significantly reduces the risk of COVID-19 symptoms in 

patients, although it does not significantly reduce the number of Reverse Transcription-

Polymerase Chain Reaction (RT-PCR)-confirmed cases (112). Further large-scale clinical 

trials are needed to assess the findings. 

 

2.1.3. Novel development of protease inhibitors 

 

SARS-CoV-2 Mpro has been a drug development target from early on in the pandemic, with 

numerous novel SARS-CoV-2 inhibitors in the clinical and preclinical pipeline (Appendix 

1). Two SARS-CoV-2 MPro inhibitors are now under EUA, including nirmatrelvir/ritonavir 

(brand name Paxlovid) and ensitrelvir (brand name Xocova) (9).  

The Mpro inhibitor nirmatrelvir (or PF-07321332) protects from severe COVID-19 

and events of patient hospitalisation when given during the first days of symptom onset 

(47). The orally administered drug inhibits not only SARS-CoV-2 but also SARS-CoV-1 and 

MERS-CoV and thus has potential as a pan-coronavirus antiviral drug (46,47). 

Nirmatrelvir in combination with ritonavir (brand name Paxlovid) has been tested in an 

RCT and reported to reduce the incidence of COVID-19-related hospitalisation or death 

by day 28 and contribute to the lower viral load on day five of treatment when treatment 

was initiated within three days of symptoms onset, significantly reducing the risk of 

severe COVID-19 (46). The drawback of the nirmatrelvir-ritonavir combination is the 
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possible serious and life-threatening drug interactions from the use of the PK-enhancer 

ritonavir (31). 

The therapeutic drug S-217622 or ensitrelvir was developed by Hokkaido 

University and Shionogi as an oral noncovalent nonpeptidic Mpro inhibitor of SARS-CoV-2 

(115,116). Ensitrelvir was reported to overcome the challenges faced by nirmatrelvir-

ritonavir with its improved target selectivity, optimised PK profiles, and favourable drug 

metabolism (115). The compound displays antiviral activity against SARS-CoV-2 variants 

of concern, including the delta and Omicron variants (117), although the status of these 

variants has been de-escalated as of 3 Mar 2023. Ensitrelvir has progressed to complete 

its phase II/III clinical trial, where results disclosed from the phase IIa trial showed a 

significant reduction in viral titer and viral RNA on day four, the median time of negative 

RT-PCR conversion of two days, and acceptable adverse events (32). Ensitrelvir received 

emergency regulatory approval in 2022 and full approval in March 2024 for its use in 

Japan and Singapore (118). Ensitrelvir has been tested in a phase III trial named 

SCORPIO-PEP that includes approximately 2,400 participants aged 12 years and older 

across the United States of America as well as several countries in South America, Africa 

and Asia (ClinicalTrials.gov ID NCT05897541). Ensitrelvir demonstrated a 67% reduction 

in the risk of COVID-19, meeting its primary endpoint and key secondary endpoint, in 

uninfected individuals treated after exposure, compared to placebo at day 10 (119). 

Other oral protease inhibitor clinical candidates in clinical trials are compound PBI-0451 

from Pardes Biosciences and EDP-235 from Enanta Pharmaceuticals (120).  

In addition, many academic efforts have explored novel Mpro inhibitors as 

therapeutic agents against SARS-CoV-2. The search for potent Mpro inhibitors has brought 

together academic and industrial partners from across the world in an international 

effort to combine experimental and computational expertise to further develop antiviral 
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compounds within the COVID Moonshot project (34,121). In this consortium, more than 

2,400 molecules have been synthesised and shared rapidly in an open environment to 

create a rich, open, and intellectual property-free knowledge base for anti-coronavirus 

drug discovery (34). The project has now proposed its clinical leads for Mpro inhibitor that 

will be continued in human clinical trials for use as oral small molecule antiviral drugs. 

 

In this Chapter, I describe my work on screening Mpro inhibitor compounds 

generated by the Moonshot collaborative project as potential DAAs against SARS-CoV-

2. I also extended the scope of the antiviral activity to other HCoVs OC43 and 229E. I 

used an in vitro cell-based antiviral assay in human lung epithelial Calu-3 and 

hepatocellular carcinoma HuH-7 cells that represent more physiologically relevant 

tissues for testing therapeutics for COVID-19, compared to other cell lines used in early 

drug discovery screens, e.g. the monkey kidney epithelial Vero cells (122). 

 

2.2. Materials and Methods 

 

2.2.1. Cell lines and culture 

 

The human lung cancer cell line Calu-3 (ATCC HTB-55) was a gift from Anderson Ryan, 

Department of Oncology, Medical Science Division, University of Oxford and cultured in 

a 1:1 mixture of DMEM with GlutaMAX (Gibco) and Ham’s F-12 nutrient mix medium 

(Gibco), supplemented with 100 U/mL penicillin, 100 µg/mL streptomycin (penicillin-

streptomycin, Sigma-Aldrich), 10% volume per volume (v/v) of heat-inactivated foetal 

bovine serum (FBS, Gibco), 1× MEM non-essential amino acid (Gibco), and 1 mM sodium 

pyruvate (Gibco). African green monkey Vero E6 cell line (ATCC CRL-1586) was cultured 
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in DMEM with GlutaMAX supplemented with penicillin-streptomycin, and 10% v/v of 

FBS.  

Vero E6 cells expressing human transmembrane protease, serine 2 (Vero-

TMPRSS2) were a gift from William James at Sir William Dunn of Pathology, University of 

Oxford, and cultured in DMEM-10% FBS supplemented with penicillin-streptomycin and 

200 μg/mL of G418 geneticin (Gibco).  

Human hepatocellular carcinoma HuH-7 cells (JCRB0403) were a gift from Dr. 

Narayan Ramamurthy (Peter Medawar Building/Nuffield Department of Medicine) and 

maintained in DMEM with GlutaMAX supplemented with penicillin-streptomycin, 10% 

v/v of FBS and 1× MEM non-essential amino acid. Cells were grown in standard T75 and 

T175 flasks (Greiner) in a humidified incubator (Heracell-Heraeus) with 5% CO2 

supplementation, until reaching confluency.  

Subculture was performed by decanting the supernatant of confluent flasks and 

washing the cell monolayer using 1× Dulbecco’s Phosphate-buffered saline (D-PBS, 

Gibco). The monolayer of cells was dislodged from the flask using 1× Trypsin-EDTA 

solution (Sigma-Aldrich) and incubated at 37C for approximately two minutes or after 

initial signs of dislodged cells. Without delay, cells were completely dislodged from the 

flask by banging the side of the flask. Cells were resuspended in their appropriate culture 

medium and split in a ratio of 1:6 to 1:10 depending on further use of the cells.  

Cells were maintained as mycoplasma-free, with regular testing coordinated by 

the Zitzmann laboratory. Cells are carefully monitored for any possible bacterial or yeast 

contamination and infected cells are directly disinfected and discarded, followed by 

deep cleaning of the incubators. 
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2.2.2. Virus propagation and stock 
 

Viruses that were used in the study are listed in Table 2.1. SARS-CoV-2 ENG2/20 strain 

was received from Public Health England, Porton Down, UK. SARS-CoV-2 variants alpha 

(B.1.1.7), beta (B.1.351), gamma (P.1), delta (B.1.617.2), and Omicron (B.1.1.529), as 

well as human coronavirus (HCoV) OC43 were gifts from William James (Sir William 

Dunn School of Pathology, University of Oxford). HCoV 229E was a gift from Narayan 

Ramamurthy (Peter Medawar Building/Nuffield Department of Medicine). 

Virus working stocks were produced by infecting Vero E6 (SARS-CoV-2), Vero-

TMPRSS2 (HCoV OC43), or HuH-7 (HCoV 229E) cells at a multiplicity of infection (m.o.i) 

of 0.01 in a virus propagation medium (DMEM with GlutaMAX supplemented with 2% of 

FBS) and incubating until a cytopathic effect (CPE) was visible.  

 

Table 2.1. Coronaviruses from different genera used in the study. 

No. Virus Variant/strain Genus 
Passage 

(P)a 

Titer 

(Pfu/mL) 

1. SARS-CoV-2 
ENG2/20 (wild 

type) 
betacoronavirus P3 2.6 ×106 

2. SARS-CoV-2 Alpha (B.1.1.7) betacoronavirus P3 2.0 ×106 

3. SARS-CoV-2 Beta (B.1.351) betacoronavirus P3 2.3 ×106 

4. SARS-CoV-2 Gamma (P.1) betacoronavirus P3 8.0 ×106 

5. SARS-CoV-2 Delta (B.1.617.2) betacoronavirus P3 1.5 ×106 

6. SARS-CoV-2 
Omicron 

(B.1.1.529) 
betacoronavirus P3 1.4 ×106 

7. HCoV OC43 betacoronavirus P3 3.0 ×106 b 

8. HCoV 229E alphacoronavirus P3 6.1 ×106 b 

a Number of virus propagation passages from the original virus stock to generate virus working 

stocks. 
b Converted to Pfu/mL by dividing the TCID50/mL result with a constant value of 0.69. 
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The cell supernatant was then centrifuged at 500 × g for 5 minutes, aliquoted and 

stored at -70°C. The titer of SARS-CoV-2 viral stocks was determined by plaque assay. 

All work involving SARS-CoV-2 and the risk group 3 viruses was performed in the 

Category Level 3 (CL-3) Laboratory at the Peter Medawar Building, University of Oxford. 

The titer of HCoV OC43 and 229E virus stocks was determined by the half-maximum 

tissue culture infectious dose (TCID50).  

 

2.2.3. Cell viability assay 
 

Cell viability after treatment with compound was measured using CellTiter 96 AQueous 

One Solution Cell Proliferation MTA (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy 

phenyl)-2-(4-sulfophenyl)-2H-15 tetrazolium, inner salt; MTS) Assay (Promega, Madison, 

WI, USA) according to the manufacturer’s instruction (the schematic of the steps is 

shown in Figure 2.1). 

Briefly, Calu-3 cells were seeded into 96 well plates (Nunc, Thermo Scientific) at a 

cell density of 6 × 104 cells/well in the Calu-3 medium. After 48 hours of incubation at 

37°C, 5% CO2, cells were treated with serially diluted compounds in Calu-3 medium, in 

triplicate, followed by incubation at 37°C, 5% CO2 for 3 days. Wells with 200 µL of growth 

medium with and without cells were included as controls, in triplicate. After the 

incubation, 100 µL of growth medium was removed and 20 µL of MTA reagent was added 

to the remaining medium in each well. The half-maximum cell cytotoxicity concentration 

(CC50) is determined as the concentration of compound that generates 50% inhibition of 

cell viability compared to the no-compound control. Likewise, CC10 is the concentration 

that results in a 10% inhibition of cell viability. 
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Figure 2.1. Steps performed in a cell cytotoxicity assay screening compounds in Calu-3 cells. The figure was prepared using BioRender. 

 

 

Figure 2.2. A summary of the steps performed in determining the compounds’ antiviral activities, including the antiviral assay where the infected cells are 

treated with the diluted compound and further visualisation step using the focus forming unit (FFU) assay. The figure was prepared using BioRender.
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After a further one-hour incubation in a humidified 37°C incubator with 5% CO2, 

the absorbance at 490 nm was measured on a Clariostar Plus microplate reader (BMG 

Labtech, Ortenberg, Germany). Readouts from the medium-only wells were subtracted 

from the compound-treated wells which were then compared to the untreated control 

wells and plotted as a compound concentration vs cell viability curve.  

 

2.2.4. Plaque assay 

 

SARS-CoV-2 virus stock was 10-fold serially diluted in six 1.5-mL centrifuge tubes 

resulting in 10-1 to 10-6 diluted virus stock. A volume of 100 µL of each diluted virus 

concentration was added to wells of 24-well plates (Nunc), in quadruplicate, starting 

from the most diluted stock. A medium-only control was included. To all wells, 500 µL of 

Vero E6 cell suspension (5 × 105 cells/mL) was then added. Without delay, plates were 

incubated at 37°C, 5% CO2 for at least two hours, allowing the virus infection to cells. 

Following the incubation step, 500 µL of 1% carboxymethylcellulose (CMC) overlay 

(mixture of the same amount of sterile 2%  weight per volume (w/v) CMC in dH2O and 

DMEM-2% medium) was added to the wells and plates were incubated at 37°C, 5% CO2 

for three to four days until CPE detected.  

Following the incubation period, overlay and medium were removed from wells, 

rinsed with 500 µL of D-PBS, and cells stained with 1 mL of amido black staining solution 

(0.1% w/v amido black, 6% v/v glacial acetic acid, 0.16 M sodium acetate anhydrous, all 

from Merck). Cell fixation and staining were allowed to proceed for at least 30 minutes 

prior to aspiration and rinsing the wells with tap water. Visible plaques were counted by 

eye at the dilution factor where plaques can be identified easily as discreet entities and 
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calculated using the formula 2.1 to yield the virus titer in plaque forming unit per mL 

(Pfu/mL). 

 

Formula 2.1. Titer determination in plaque assay. 

 

𝑇𝑖𝑡𝑒𝑟 𝑖𝑛 𝑃𝑓𝑢/𝑚𝐿 =
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑙𝑎𝑞𝑢𝑒 𝑐𝑜𝑢𝑛𝑡

𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑣𝑖𝑟𝑢𝑠 𝑣𝑜𝑙𝑢𝑚𝑒 (0.1 𝑚𝐿)
 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 

 

2.2.5. Tissue culture infectious dose (TCID50) assay 

 

The TCID50 assay was performed by seeding Vero-TMPRSS2 (for OC43) or HuH-7 (for 

229E) cells at a density of 1 × 105 cells/well in wells of 96-well plates. The plates were 

incubated in a humidified 37°C, 5% CO2 incubator for 48 hours until a cell monolayer was 

formed. Virus stock was 10-fold serially diluted by adding 20 µL of virus stock into 180 µL 

of DMEM-2% FBS to generate 10-1 to 10-8 dilutions in rows of 96-well plates. Two well 

columns were used as medium-only controls, and the other 10 well columns as virus 

titration wells. Following the serial dilution, the medium was aspirated from plates 

containing a monolayer of cells and then, without delay, inoculated with 100 µL of 

diluted virus or control, following the same plate configuration as the dilution plate. The 

plates were then incubated at 37°C, 5% CO2 in an incubator for 6 days, with daily 

checking for cell death.  

Following the incubation period, the medium was aspirated from all wells and 100 

µL of amido black staining solution was added. Cell fixation and staining were allowed 

for 30 minutes, followed by rinsing the wells with tap water. Cell death was observed in 

the 10 wells of virus-infected cells, and the TCID50 was determined by first calculating 
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the proportionate distance (PD) using formula 2.2. The 50% TCID is monitored where 

there are five out of ten wells with cell death (clear wells). 

 

Formula 2.2. Titer determination in TCID50 assay. 

𝑃𝐷 =
(% 𝑛𝑒𝑥𝑡 𝑎𝑏𝑜𝑣𝑒 50%) − 50%

(% 𝑛𝑒𝑥𝑡 𝑎𝑏𝑜𝑣𝑒 50%) − (% 𝑛𝑒𝑥𝑡 𝑏𝑒𝑙𝑜𝑤 50%)
  

TCID50 was then calculated by adding PD with the log lower dilution (dilution in which position is 

next above 50%, for example, -6 for 10-6 dilution).  

𝐿𝑜𝑔 𝑇𝐶𝐼𝐷50 = 𝐿𝑜𝑔 (𝑃𝐷 + log 𝑙𝑜𝑤𝑒𝑟 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛) 

𝑇𝐶𝐼𝐷50/𝑚𝐿 =
10−(𝑃𝐷+log 𝑙𝑜𝑤𝑒𝑟 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛)

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑣𝑖𝑟𝑎𝑙 𝑠𝑡𝑜𝑐𝑘 (0.02 𝑚𝐿)
 

The titer in PFU/mL can be calculated by dividing the TCID50/mL with a constant value of 0.69. 

 

2.2.6. SARS-CoV-2 antiviral assay 

 

The steps performed to determine the antiviral activities of compounds against SARS-

CoV-2 are summarised in Figure 2.2.  Calu-3 cells were seeded into 96-well plates (Nunc, 

Thermo Scientific) at a cell density of 6 × 104 cells/well in the Calu-3 medium. After 48 

hours of incubation at 37°C, 5% CO2, the wells were inoculated with 50 µL of the 

challenge virus at the m.o.i of 0.5, in triplicate. Cell infection was allowed for 90 minutes. 

Following the incubation period, the inoculum was replaced with 200 µL of growth 

medium containing the appropriate compound dilutions or vehicle control (DMSO or D-

PBS, according to the compound) and incubated for three days. The supernatant was 

harvested and stored at -70°C prior to analysis by FFU assay.  
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A SARS-CoV-2 FFU assay was performed based on the method described 

elsewhere (34). Briefly, two half-log dilutions of each supernatant to be analysed were 

prepared in virus propagation medium. An amount of 20 µL of each dilution was 

inoculated into wells of a 96-well plate, in triplicate, followed by the addition of 100 µL of 

Vero E6 cells at 4.5 × 105 cells/mL in virus propagation medium. The plates were 

incubated for two hours at 37C, 5% CO2, before the addition of 100 µL of 2% CMC 

overlay to each well. The plates were incubated for a further 24 hours prior to the removal 

of the overlay. The cells were washed once with PBS before a fixation step with 50 µL of 

4% paraformaldehyde in PBS (Thermo Scientific). The fixation step was allowed to 

proceed for 30 minutes, then the fixation reagent was aspirated from the wells, and 100 

µL of 1% ethanolamine in PBS (Sigma) was added. The plates were stored at 4°C prior to 

the immunostaining step. 

 

2.2.7. Human coronavirus antiviral assay 
 

The antiviral assay for HCoVs was established based on the SARS-CoV-2 antiviral assay 

(Section 2.2.6). Changes were made in the choosing of the most appropriate cell line 

used to support the growth of both HCoVs OC43 and 229E. The human cell line HuH-7 

was seeded into 96-well plates (Nunc) at a cell density of 5 × 104 cells/well in the HuH-7 

medium (DMEM-10% FBS supplemented with 1× MEM non-essential amino acids). 

Following the 48 hours of incubation at 37°C, 5% CO2, the wells were inoculated with 50 

µL of the challenge virus at the m.o.i of 0.5, in triplicate. Cell infection was allowed for 90 

minutes, then the inoculum was replaced with 200 µL of growth medium containing the 

appropriate compound dilutions or vehicle control and incubated for three days. The 

supernatant was harvested and stored at -70°C prior to analysis by FFU assays, 
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performed in Vero-TMPRSS2 cells for HCoV OC43 and HuH-7 for HCoV 229E and 

according to the SARS-CoV-2 FFU assay described in section 2.2.6 with an adjustment 

in cell number to 5 × 104 cells/well seeded. 

 

2.2.8. Immunostaining of FFU assay 

 

Cells were permeabilised by replacing the ethanolamine with 2% v/v Triton X100 in PBS 

(Sigma) and incubating at 37°C for 30 minutes. The plates were then washed three times 

with 100 µL of wash buffer (0.1% v/v Tween 20 in PBS, Sigma), inverted, and gently tapped 

onto tissue to dry before the addition of 50 µL of the appropriate primary antibody 

solution, prepared in wash buffer (Table 2.2).  

 

Table 2.2. Primary antibodies used in the immunostaining of the FFU assay. 

Antibody Species Reactivity 

Stock 

Concentration 

(mg/mL) 

Working 

concentration 

(µg/mL) 

EY2A Human 
SARS-CoV-2 variants 

ENG2/20, Gamma, Delta 
2.5 15.0 

FB9B Human 
SARS-CoV-2 variants Alpha, 

Beta, Delta, Omicron 
1.0 15.0 

FD6D Human 
SARS-CoV-2 variants Alpha, 

Beta, Gamma 
1.1 15.0 

FB1E Human 
SARS-CoV-2 variants, HCoV 

OC43 
1.9 15.0 

Anti-OC43 

(R&D Systems) 
Mouse HCoV OC43 0.5 2.5 

Anti-229E (R&D 

Systems) 
Mouse HCoV 229E 0.5 2.5 
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The plates were rocked at room temperature (RT) for one hour. Wells were then 

washed three times, blotted, and added 100 μL of goat anti-Human IgG (Fc-specific)-

peroxidase-conjugate secondary antibody (Thermo Fisher) or goat anti-mouse IgG (Fab 

specific)-peroxidase-conjugate secondary antibody (Sigma), diluted 1:5,000, and 

incubated at RT for an hour on the rocker. Following three washes, 50 µL of KPL TrueBlue 

peroxidase substrate (SeraCare) was added to the wells and incubated at RT for 10 

minutes on the rocker, after 10 minutes the substrate was removed, and the plates were 

washed with distilled water for 10 minutes. The water was removed, and the plates were 

allowed to air-dry. The foci (dark blue spots) were counted using an ELISPOT classic 

reader system (AID GmbH). The IC50 is determined as the concentration of the 

compound that generates 50% inhibition of viral replication (as the reduction of viral FFU 

number) compared to the untreated control wells. GraphPad Prism v.9.0 (GraphPad 

Software, San Diego, CA, USA) was used to generate curves and calculate the IC50 values 

using non-linear logistic regression analysis (dose-response). The antiviral potency was 

inferred by the calculated pIC50, the negative logarithm of IC50 in molar concentration 

(123). 

 

2.2.9. Human monoclonal antibody (mAb) production 
 

The human mAbs used as primary antibodies in the FFU assay were gifts from the 

Weatherall Institute of Molecular Medicine, Oxford and received as DNA plasmids. The 

antibodies were produced in HEK-293 mammalian expression system using a transient 

transfection method. Two plasmid DNAs consisting of kappa (light chain) and heavy 

chain genes of human mAb directed to SARS-CoV-2 N protein or receptor-binding 

domain (RBD) were transformed into E. coli DH5α and stored as glycerol stock. The 
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bacterial stock was grown overnight in 500 mL of LB medium containing 100 µg/mL of 

carbenicillin at 37C in an incubator with 180 rpm shaking. The bacterial cells were 

harvested by centrifugation at 5,000 x g for 10 minutes using a fixed-angle rotor. Plasmid 

DNA extraction was then performed using the Qiagen Maxiprep kit, according to the 

manufacturer's protocol. The bacterial pellet was resuspended using 20 mL of Buffer P1 

and moved into a 50 mL centrifuge tube. Without delay, 20 mL of Buffer P2 was added, 

and the tube was inverted six times to mix. The suspension was neutralised using 10 mL 

of Buffer N3 with six-times tube inversions to mix. The tube was then centrifuged at 3,000 

x g for 30 minutes at RT. The cleared supernatant was carefully loaded into a Maxi column 

and allowed to bind the DNA using a gravity flow technique. The column was washed two 

times using wash buffer by filling the column and letting the wash buffer go through the 

column by gravity. The plasmid DNA was eluted using 5 mL of elution buffer. DNA was 

then precipitated using 10 mL isopropanol (Merck) and centrifugation at 3,000 rpm for 

60 minutes at 4°C. Isopropanol was discarded, and the DNA pellet was washed with 10 

mL of ethanol (Merck) with centrifugation at 3,000 rpm for 60 minutes. The DNA pellet 

was reconstituted in 350 µL of nuclease-free water. 

For antibody production in human HEK-293 cells, DNA was transfected into HEK-

293 cells using the heavy:light chain DNA ratio of 1:2. A flask containing 400 mL of 1 x 106 

cells/mL was prepared by seeding 5×105 cells/mL a day before the transfection in 293 

medium without antibiotic (Gibco). A mixture of DNA containing heavy and light chains 

plasmids was prepared by calculating the amount of plasmid DNA to supply 1 µg of DNA 

per mL of cells in a 1:2 ratio of heavy: light. For a 400 mL culture, a total of 400 µg of DNA 

mixture is needed. The correct amount of DNA was then dissolved in 10 mL of OptiMEM 

reduced serum medium (Gibco). Another tube was prepared containing 10 mL of 

OptiMEM reduced serum and 400 µL of transfection reagent from ExpiFectamine 293 
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transfection kit (Gibco). Both tubes were mixed well and incubated for 10 minutes. 

Transfection was performed by adding the transfection mixture gently to the cells with 

swirling. Transfected cells were incubated at 37C, supplemented with 5% CO2 with 180 

rpm shaking for seven days. Following the incubation period, cells were harvested by 

centrifugation at 4,000 rpm for 10 minutes at 4°C. The supernatant was collected, 

pooled, and filtered using the 0.45 µm cut-off bottle-top filter. The mAb was purified from 

the supernatant using a protein A column on an AKTA system (Cytiva, UK). Prior to 

sample loading, the tubing and column were washed with 0.2 µm-filtered ddH2O using 

10× the column volume (CV). The column was then equilibrated with 10× CV of D-PBS 

and the sample containing supernatant was loaded. The supernatant was loaded into 

the protein A column (1 ml bed volume, Cytiva), and left overnight with a 1 ml/minute 

flow rate at 4C. The column was washed with 10× CV of D-PBS to remove the unbound 

fraction. The antibody was then eluted with citric acid-sodium tricitrate buffer pH 3.0 

(prepared freshly by mixing 73 ml of 0.1M citric acid and 27 ml of 0.1 M sodium tricitrate 

(Sigma)) at a 1 mL/minute flow rate. The eluted fraction of 1 mL was collected in 

collection tubes containing 500 µl of 1M Tris-HCl pH 9.0 to neutralize the pH of the 

antibody fraction. The antibody-containing fractions were pooled, and the pH was 

adjusted to approximately 7.0 with 1 M Tris HCl pH 9.0. The eluted antibody was 

concentrated and simultaneously buffer-exchanged to D-PBS using an Amicon 

concentrator with a 50 kDa cut-off. The antibody was collected in the retentate, and its 

concentration was measured as total protein using 280 nm spectrophotometer 

absorbance in NanoDrop system (Thermo Fisher Scientific). 
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2.2.10. The Mpro inhibitor clinical compounds and controls 

 

The Moonshot consortium synthesised and rapidly shared more than 2,400 molecules 

in an open environment to create an open and intellectual property-free knowledge base 

for anti-coronavirus drug discovery (34). The compounds were then selected based on 

synthetic tractability and alchemical free-energy calculations, where every compound 

was profiled through crystal soaking and x-ray diffraction, totalling 587 structures, 

available on Fragalysis (https://fragalysis.diamond.ac.uk/viewer/react/ preview/target/ 

CoV-Mpro), along with the evaluation by biochemical assays using protease assays 

performed within the Moonshot collaboration.  

The analysis of a subset of this structural data (n = 367, up to July 2021) reveals the 

hotspots for ligand engagement and plasticity of each binding pocket, and among them, 

a total of 333 compounds were synthesised by Enamine Ltd. (Kyiv, Ukraine) and received 

by the Oxford University Biochemistry Department for antiviral testing against SARS-

CoV-2.  

The Moonshot compounds were designed as potent ligand-efficient and 

geometrically compact inhibitors that fit tightly in the substrate binding pocket as an 

active site (34). The chemical structures of the Moonshot compounds are not shown in 

this thesis, due to a non-disclosure agreement, and will be made available to the public 

along with the publication by the Moonshot collaboration. The approved Mpro inhibitors 

nirmatrelvir and ensitrelvir, as well as the RdRp inhibitor remdesivir, were used as 

positive controls (Figure 2.3).  
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Figure 2.3. The chemical structure of three currently approved drugs used as positive controls. 

The structure of Mpro inhibitors nirmatrelvir (A) and ensitrelvir (B) are shown, along with the RdRp 

inhibitor remdesivir (C). 

 

2.3. Results 

 

2.3.1. The COVID Moonshot compounds 

 

From a total of 333 COVID Moonshot compounds received by the Zitzmann laboratory 

and tested against SARS-CoV-2, I was involved in the screening of 60 compounds, with 

results from one biological replicate, in technical triplicate, are shown in Table 2.3. After 

completion of the cellular antiviral assay screening, antiviral drug candidates coded 

ZOX-0000376, ZOX-0000396, ZOX-0000415, and ZOX-0000436 were chosen as 

preclinical lead compounds based on the combination of their high CC10 and low IC50 

values. Compound ZOX-0000396 is the racemate (mixture of two enantiomers, i.e. mirror 

image stereoisomers of a chiral molecule) of ZOX-0000436. Further testing of these 

selected compounds was performed with three biological replicates (N=3), in technical 

triplicate, against SARS-CoV-2 ENG2/20 and the Omicron variant.  
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Table 2.3. Moonshot compounds tested for cell cytotoxicity and antiviral activities against SARS-CoV-2 Eng2/20 strain. Compounds highlighted in bold were 

selected as the preclinical leads. Results are from one biological replicate (N=1) performed in triplicate, using the 10% maximum cell cytotoxicity 

concentration (CC10) as the indicator of cell cytotoxicity. 

No. Compound CC10 (μM)a IC50 (μM)b  No. Compound CC10 (μM)a IC50 (μM)b  No. Compound CC10 (μM)a IC50 (μM)b 
1. ZOX-0000210 27.40 1.01  21. ZOX-0000390 >100 18.75  41. ZOX-0000410 11.30 0.09 
2. ZOX-0000211 13.40 0.34  22. ZOX-0000391 >100 >100  42. ZOX-0000411 54.20 >100 
3. ZOX-0000227 11.20 0.99  23. ZOX-0000392 41.45 5.70  43. ZOX-0000412 14.40 0.09 
4. ZOX-0000228 56.05 0.43  24. ZOX-0000393 90.10 0.91  44. ZOX-0000413 >100 >100 
5. ZOX-0000288 9.86 11.94  25. ZOX-0000394 91.60 2.99  45. ZOX-0000414 14.80 >100 
6. ZOX-0000312 >100 2.11  26. ZOX-0000395 61.00 0.50  46. ZOX-0000415 57.10 1.04 
7. ZOX-0000331 >100 1.00  27. ZOX-0000396 89.10 1.71  47. ZOX-0000416 13.40 2.58 
8. ZOX-0000376 35.80 0.34  28. ZOX-0000397 18.90 4.99  48. ZOX-0000417 10.90 0.34 
9. ZOX-0000378 59.00 >10  29. ZOX-0000398 11.30 4.12  49. ZOX-0000418 79.60 >100 

10. ZOX-0000379 41.20 >10  30. ZOX-0000399 20.00 0.06  50. ZOX-0000419 >100 0.16 
11. ZOX-0000380 51.60 >10  31. ZOX-0000400 16.80 >10  51. ZOX-0000420 >100 1.61 
12. ZOX-0000381 63.70 >10  32. ZOX-0000401 9.31 0.94  52. ZOX-0000426 >100 32.64 
13. ZOX-0000382 35.80 51.80  33. ZOX-0000402 10.30 0.27  53. ZOX-0000427 8.87 >10 
14. ZOX-0000383 6.64 2.96  34. ZOX-0000403 19.50 0.08  54. ZOX-0000428 54.60 0.38 
15. ZOX-0000384 7.62 0.40  35. ZOX-0000404 10.90 0.11  55. ZOX-0000429 14.50 2.23 
16. ZOX-0000385 12.10 >100  36. ZOX-0000405 3.11 >100  56. ZOX-0000430 >100 4.44 
17. ZOX-0000386 14.80 5.15  37. ZOX-0000406 8.88 >10  57. ZOX-0000432 >100 0.93 
18. ZOX-0000387 83.30 9.81  38. ZOX-0000407 >100 0.02  58. ZOX-0000434 10.30 0.24 
19. ZOX-0000388 21.80 5.52  39. ZOX-0000408 12.00 9.44  59. ZOX-0000436 >100 1.03 
20. ZOX-0000389 13.10 0.62  40. ZOX-0000409 >10 0.40  60. ZOX-0000443 >100 67.56 

aMeasured using MTS assay in Calu-3 cells, in triplicate 
bThe half-maximum virus inhibitory concentration in SARS-CoV-2-infected Calu-3 cells, Eng2/20 strain (N=1), in triplicate 
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Table 2.4. The cell cytotoxicity and virus inhibitory concentrations of Moonshot compounds compared to currently approved drugs against SARS-CoV-2 

ENG2/20 strain and Omicron variants. The IC50 values were generated from three biological replicates (N=3) with three technical replicates each. pIC50 was 

calculated as the negative logarithm of IC50 in molar concentration, and the higher the pIC50 value, the higher the potency. 

Compound 
Drug 

mechanism CC50 (μM)a 
IC

50
 (95% CI) vs 

ENG2/20 (μM) 

IC
50 

(95% CI) vs Omicron 

B.1.1.529 (μM) 
pIC50 vs 

ENG2/20 

pIC
50 

vs 

Omicron 
B.1.1.529 

ZOX-0000376 (MAT-POS-
c7726e07-5) M

pro
 inhibitor >100 0.40 (0.38 – 0.42) 0.21 (0.20 – 0.22) 6.40 6.68 

ZOX-0000396 (EDG-MED-
b1ef7fe3-1)b M

pro
 inhibitor >100 1.46 (1.38 – 1.54) 0.94 (0.88 – 1.00) 5.83 6.03 

ZOX-0000415 (MAT-POS-
e48723dc-2) M

pro
 inhibitor >100 1.12 (1.12 – 1.26) 0.64 (0.60 – 0.67) 5.95 6.19 

ZOX-0000436 (LUO-POS-
8c3e556a-1) M

pro
 inhibitor >100 0.60 (0.53 – 0.68) 0.39 (0.34 – 0.43) 6.22 6.41 

Nirmatrelvir (part of Paxlovid) M
pro

 inhibitor >100 0.78 (0.68 – 0.89) 0.32 (0.10 – 0.68) 6.11 6.49 

Ensitrelvir (Xocova) M
pro

 inhibitor >100 0.11 (0.10 – 0.11) 0.03 (0.02 – 0.04) 6.96 7.52 

Remdesivir (Veklury) RdRp inhibitor >100 0.49 (0.44 – 0.53) 0.10 (0.09 – 0.12) 6.31 7.00 

a The half maximum cell cytotoxicity concentration as measured using MTS assays in Calu-3 cells, in triplicate 

b Racemate of ZOX-0000436 

Mpro, main protease; RdRp, RNA-dependent RNA polymerase; CI, confidence intervals 
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Figure 2.4. Antiviral activity of COVID Moonshot preclinical leads against 

the SARS-CoV-2 Eng2/20 strain. The inhibitory curve for each compound is 

displayed as a measurement result of FFU antiviral assays from three 

biological replicates (N=3) and three technical replicates with error bars 

showing the standard deviation of the mean.  

 Figure 2.5. Antiviral activity of currently approved drugs against the SARS-

CoV-2 ENG2/20 strain. The inhibitory curve for each compound is displayed 

as a measurement result of FFU antiviral assays from three biological 

replicates (N=3) and three technical replicates with error bars showing the 

standard deviation of the mean.  
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2.3.2. Antiviral activities of COVID Moonshot compounds and currently 

approved drugs against the SARS-CoV-2 ENG2/20 strain 

 

COVID Moonshot clinical lead compounds demonstrated antiviral properties against 

the SARS-CoV-2 ENG2/20 strain with varying IC50 values (Figure 2.4). All preclinical leads 

showed cell cytotoxicity values of greater than 100 μM, reflecting good in vitro potency 

with low cytotoxicity (Table 2.4). The compound ZOX-0000376 has the lowest IC50 value 

(0.40 μM) among the Moonshot preclinical leads, making it the most potent of them. 

Ensitrelvir showed the highest potency among the approved drugs with an IC50 of 0.11 

μM (Figure 2.5). 

 

2.3.3. Antiviral activities of COVID Moonshot compounds and currently 

approved drugs against the SARS-CoV-2 Omicron B.1.1.529 variant 

 

COVID Moonshot preclinical leads were tested against the SARS-CoV-2 Omicron 

B.1.1.529 variant. All compounds are active against the Omicron variant with IC50s below 

1 μM (Figure 2.6 and Table 2.4). Overall, the activity of these compounds against the 

Omicron variant was higher than against the ENG2/20 strain (Table 2.4). 

Similar to the result against the ENG2/20 strain, compound ZOX-0000376 and the 

currently approved drug ensitrelvir yielded the lowest IC50 values against the Omicron 

variant, reaching nanomolar concentrations (210 and 30 nM for ZOX-0000376 and 

ensitrelvir, respectively) (Figures 2.6 – 2.7 and Table 2.4). Similar findings were observed 

for the potency inferred by the pIC50 values (Table 2.4). 

 



 

41 
 

 

 

 

Figure 2.6. Antiviral activity of COVID Moonshot preclinical leads against 

the SARS-CoV-2 Omicron B.1.1.529 variant. The inhibitory curve for each 

compound is displayed as a measurement result of FFU antiviral assays 

from three biological replicates (N=3) and three technical replicates with 

error bars showing the standard deviation of the mean.  

 

 Figure 2.7. Antiviral activity of currently approved drugs against the SARS-

CoV-2 Omicron B.1.1.529 variant. The inhibitory curve for each compound 

is displayed as a measurement result of FFU antiviral assays from three 

biological replicates (N=3) and three technical replicates with error bars 

showing the standard deviation of the mean.  
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2.3.4. The development of human coronavirus antiviral and FFU assays 

 

To develop a human coronavirus FFU for the visualisation of compounds’ antiviral 

activities, different combinations of cell lines for the FFU antiviral assay, as well as 

antibodies for immunostaining, were assessed. 

The cell tropism of HCoV OC43 and 229E was assessed using Vero-TMPRSS2, 

Calu-3, and HuH-7 cell lines (Figure 2.8). The HuH-7 cell line was chosen as the host cell 

for the HCoV OC43 and 229E antiviral assays since both HCoVs grew well in this human 

cell line, as shown by the successful infection of the cell line by both HCoVs (Figure 2.8). 

HCoV OC43 also showed good infection of Vero-TMPRSS2 cells, though the human 

hepatoma liver cell line HuH-7 was still preferred over this modified monkey epithelial 

cell line. 

 

Figure 2.8. The optimised FFU antiviral assays for HCoVs OC43 and 229E. HuH-7 cells were 

selected for the antiviral assays for both HCoVs (red boxes) and continued with FFU assays in 

Vero-TMPRSS2 and HuH-7 for HCoV OC43 and 229E, respectively. Virus infection was performed 

at a m.o.i of  0.5 followed by a 48-hour infection period. Amido black staining of cells post 

incubation time shows cell viability after virus infection, where infected cells die and detach from 

the well, resulting in clear wells.  
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The use of the antibodies in the FFU assay mentioned above was based on mAb 

screening results (Figure 2.9). The FB1E mAb worked best for HCoV OC43, while HCoV 

229E staining required a specific anti-229E antibody from a commercial source (R&D 

systems).  

 

Figure 2.9. The optimised use of antibodies in HCoVs OC43 and 229E FFU assays. A. The human 

anti-SARS-CoV-2 FB1E was used for HCoV OC43 in FFU assays in Vero-TMPRSS2 cells. B. The 

mouse anti-229E monoclonal antibody was used for HCoV 229E. mAb, monoclonal antibody 

used in the FFU assay in HuH-7 cells 
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2.3.5. Antiviral activities of Moonshot compounds and currently approved 

drugs against HCoV OC43 and 229E 

 

The Moonshot preclinical lead compounds were also tested against HCoVs OC43 and 

229E to evaluate their potential as broad-spectrum antivirals. Moonshot preclinical 

leads showed good antiviral activity and potency against HCoV OC43 (Figure 2.10 and 

Table 2.5) with low IC50 values in micromolar concentrations. However, the results were 

inferior to the currently approved drugs, which showed even better potencies with IC50 

values in nanomolar concentrations (Figure 2.11 and Table 2.5).  

In contrast, Moonshot preclinical leads did not show antiviral activity against 

HCoV 229E, with only one compound yielding an IC50 value of 5.39 µM (Figure 2.12 and 

Table 2.5). A similar result was observed for ensitrelvir with no reduction in virus detected 

up to 10 µM (Figure 2.13 and Table 2.5). Nirmatrelvir and remdesivir showed superior 

antiviral activity in comparison to the COVID Moonshot compounds against HCoV 229E 

with IC50 values in nanomolar concentrations (Figure 2.13 and Table 2.5). An overview of 

IC50 and pIC50 values is shown in Table 2.5. Both Moonshot preclinical leads and clinical 

reference compounds show higher antiviral activity against betacoronaviruses than 

alphacoronaviruses. 
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Figure 2.10. Antiviral activity of COVID Moonshot preclinical leads against 

HCoV OC43. The inhibitory curve for each compound is displayed as a 

measurement result of FFU antiviral assays from two biological replicates 

(N=2) and three technical replicates with error bars showing the standard 

deviation of the mean.  

 

 Figure 2.11. Antiviral activity of currently approved drugs against HCoV 

OC43. The inhibitory curve for each compound is displayed as a 

measurement result of FFU antiviral assays from two biological replicates 

(N=2) and three technical replicates with error bars showing the standard 

deviation of the mean.   
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Table 2.5. The antiviral activities of Moonshot preclinical leads and currently approved drugs against HCoV OC43 and 229E, calculated as their IC50 values in 

HuH-7 cells. pIC50 was calculated as the negative logarithm of IC50 in molar concentration and the higher the pIC50 value, the higher the potency. 

Compound Drug mechanism 
IC50 vs HCoV OC43 

(95%CI, μM) 

IC50 vs HCoV 229E 

(μM) 
pIC50 vs HCoV OC43 pIC50 

vs HCoV 229E 

ZOX-0000376 (MAT-POS-c7726e07-5) M
pro

 inhibitor 0.09 (0.055 – 0.114) 5.39 7.05 5.27 

ZOX-0000396 (EDG-MED-b1ef7fe3-1) M
pro

 inhibitor 0.48 (0.424 – 0.535) >10 6.32 <5.0 

ZOX-0000415 (MAT-POS-e48723dc-2) M
pro

 inhibitor 0.30 (0.267 – 0.323) >10 6.52 <5.0 

ZOX-0000436 (LUO-POS-8c3e556a-1) M
pro

 inhibitor 0.16 (0.131 – 0.190) >10 6.80 <5.0 

Nirmatrelvir (part of Paxlovid) M
pro

 inhibitor 1.75 (1.588 – 1.922) nM 0.1 8.76 7.01 

Ensitrelvir (Xocova) M
pro

 inhibitor 4.13 (3.533 – 4.845) nM >10 8.38 <5.0 

Remdesivir (Veklury) RdRp inhibitor 1.48 (1.280 – 1.722) nM 2.78 nM 8.83 8.56 
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Figure 2.12. Antiviral activity of COVID Moonshot preclinical leads against 

HCoV 229E. The inhibitory curve for each compound is displayed as a 

measurement result of FFU antiviral assays from two biological replicates 

(N=2) and three technical replicates with error bars showing the standard 

deviation of the mean.  

 

 Figure 2.13. Antiviral activity of currently approved drugs against HCoV 

229E. The inhibitory curve for each compound is displayed as a 

measurement result of FFU antiviral assays from two biological replicates 

(N=2) and three technical replicates with error bars showing the standard 

deviation of the mean. 
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2.3.6. Comparison of the in vitro antiviral activity data of currently 

approved drugs with published data 

 

The in vitro antiviral activity data of currently approved drugs generated from this study 

were compared to previously published data (Table 2.6). Comparable profiles were 

observed between this study’s results and other groups’ data published between 2020–

2023. 

 

Table 2.6. The comparison of in vitro cellular assay data of currently approved drugs nirmatrelvir, 

ensitrelvir, and remdesivir obtained from this study with published data. 

Drug tested Mode of action Cell line IC50 values Reference(s) 

Nirmatrelvir M
pro

 inhibitor Calu-3 0.2 μM (vs wild type) 

0.025 μM (vs Omicron) 

(124) 

Nirmatrelvir M
pro

 inhibitor Calu-3 0.78 μM (vs ENG2/20) 

0.32 μM (vs Omicron) 

This study 

Ensitrelvir M
pro

 inhibitor Vero E6 13.2 nM (vs wild type) (115,125) 

Ensitrelvir M
pro

 inhibitor Calu-3 110 nM (vs ENG2/20) 

30 nM (vs Omicron) 

This study 

Remdesivir RdRp inhibitor Calu-3 0.28 μM (EC50) (126) 

Remdesivir RdRp inhibitor Vero E6 1.65 μM (126,127) 

Remdesivir RdRp inhibitor HAE 10 nM (126,127) 

Remdesivir RdRp inhibitor Calu-3 0.49 μM (vs ENG2/20) 

0.10 μM (vs Omicron) 

This study 

HAE, primary human airway epithelial 
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2.4. Discussion 

 

Small molecule inhibitors are important for the pandemic preparedness toolbox (128). 

In this chapter, I present the antiviral in vitro efficacy of Moonshot preclinical lead 

compounds against SARS-CoV-2 and other HCoVs and compare their activity to other 

approved and authorised drugs for the treatment of COVID-19.  

SARS-CoV-2 targets the human respiratory system and gastrointestinal tract as the 

primary target sites of infection, with cell tropism for the nasal epithelial cells, the 

alveolar macrophages, and the gastrointestinal tract enterocytes (129,130). The 

respiratory tract has been identified as one of the major sites of SARS-CoV-2 viral 

replication, in particular, the upper and lower airways. This includes nasal and bronchial 

epithelial cells, as well as pneumocytes like Calu-3 or A549 cells (131). Viral replication 

has also been detected in other tissues, including liver, brain, intestine, and kidney (132–

134). However, for SARS-CoV-2, the lung represents the main site of human 

pathogenesis (135), and it is therefore crucial that therapeutics are tested in this tissue 

compartment (122). In addition, proteomics data have shown that Calu-3 cells are more 

representative of the target cells infected in vivo in the human respiratory tract in terms 

of both transcription and proteomic features, which resemble more closely those of 

primary airway cells (137–139). 

The interpretation of cellular assay screening results is complicated by the varying 

IC50/EC50 results published across different laboratories. This may be linked to the 

different cell types used, as well as a multitude of protocols ranging from CPE assays to 

plaque assays, that may have impacts on the reliability or comparability of data (122). 

Concerning cell type, variations in cellular antiviral screening data may be associated 

with differences in viral cell entry mechanisms, e.g. SARS-CoV-2 entry in Vero cells 
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requires a low pH and is triggered by acid-dependent endosomal proteases, but is pH-

independent and requires TMPRSS2 in Calu-3 cells (136). In this study, I propose the 

TMPRSS2-bearing Calu-3 human lung cells as the more physiologically relevant cells to 

be used for coronavirus antiviral screening. Throughout, a SARS-CoV-2 

microneutralisation assay was adapted for use as an FFU assay, as described elsewhere 

(140,141). The assay was further developed and extended for use in HCoVs OC43 and 

229E antiviral assays (Figures 2.10 – 2.13).  

COVID Moonshot compounds are highly specific and selective non-covalent 

inhibitors designed based on a structure-based fragment screen through fragment 

merging and growing approaches (34). Moonshot compounds offer advantages in drug 

specificity and selectivity compared to other drugs developed as drug combinations, 

such as Paxlovid (nirmatrelvir and ritonavir) (34,121). Pfizer has initiated a phase III 

clinical trial to evaluate the safety and efficacy of a new oral antiviral ibuzatrelvir, 

designed to be taken alone to reduce the risk of drug-drug interactions associated with 

ritonavir. The trial was commenced based on the phase IIb RCT results showing robust 

antiviral activity and an acceptable safety profile of ibuzatrelvir (142).  

COVID Moonshot preclinical leads were active against both the SARS-CoV-2 

ENG2/20 strain and the more recent Omicron variant with good cell cytotoxicity 

indicators (Table 2.4). Their antiviral activity was comparable to the clinical reference 

compounds nirmatrelvir, ensitrelvir, and remdesivir, demonstrating their potential to be 

used in future clinical trials and administration against SARS-CoV-2 (Table 2.6).  

The Moonshot preclinical leads profiled here had a wider spectrum of activity 

against betacoronaviruses. This was observed when tested against SARS-CoV-2 and 

HCoV OC43, which are from the same genus of betacoronavirus (Table 2.5). The results 

were less promising when tested against the alphacoronavirus HCoV 229E, where only 
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one Moonshot compound showed detectable antiviral activity, and with lower potency. 

The tested clinical reference compounds nirmatrelvir, ensitrelvir, and remdesivir seem 

to have a broader pan-coronavirus activity and work better on betacoronaviruses (SARS-

CoV-2 and HCoV OC43). Nevertheless, all tested compounds showed less efficacy 

against HCoV 229E (Figure 2.12 – 2.13 and Table 2.5). The RdRp inhibitor remdesivir was 

the drug with the broadest pan-coronavirus activity. This may be supported by the RdRp 

gene being highly conserved among coronaviruses (65,66), making it one of the most 

intriguing and promising drug targets for coronavirus drug development, with available 

biochemical enzyme and cell-based assays (143). Similar to COVID Moonshot 

preclinical leads, ensitrelvir also showed a narrow antiviral spectrum, being effective 

against betacoronaviruses and not alphacoronaviruses (Table 2.5). Compared to 

nirmatrelvir, ensitrelvir was not effective against HCoV 229E. This may reflect the 

difference in drug design between these drugs and their specific binding to the viral  Mpro 

enzyme. There is only 52% conservation/sequence identity in the catalytic domain of the 

alpha- and betacoronaviruses Mpro enzyme, and mutation at catalytic site P168 is the 

only mutation that is predicted to potentially negatively impact the inhibitor binding 

(144). Future drug design may benefit from this information. 

Drug resistance has always been a major challenge in antiviral drug development, 

including for coronaviruses (145). Newly evolving viral strains are linked to recurring 

waves, with partial immune escape and waning immunity within the population (146–

148). Drug-induced viral mutations have been described for SARS-CoV-2 therapeutics, 

however, so far mostly in immunosuppressed individuals. Further, circulating viruses 

may harbour variants that are resistant to DAA, such as G15S and T21I that confer 

resistance to the MPro inhibitor Paxlovid (149–151). Emerging virus mutants with amino 

acid substitutions in their Mpro gene were detected in ensitrelvir-treated COVID-19 
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patients in the SCORPIO-SR phase III trial, although reductions in viral titer were 

unaffected by these mutations (152). Remdesivir treatment in patients with a prolonged 

course of infection caused intra-host viral genomic diversity that leads to the emergence 

of SARS-CoV-2 variants harbouring fixed mutations (153). The ongoing identification and 

characterisation of drug-resistant signatures within the SARS-CoV-2 genome will be 

crucial for clinical management and virus surveillance (154), and the efficacy of the 

developed compounds against new virus mutants or variants always needs to be 

monitored.  

Access to effective treatment is crucial. As for the case of Paxlovid 

(nirmatrelvir/ritonavir), Pfizer and the Medicines Patent Pool have reached a voluntary 

licensing agreement for 95 LMICs to access affordable biosimilars or the generic forms 

of the drug. However, the generic production of Paxlovid is currently delayed by 

regulatory bioequivalence clinical trial testing to determine if the generic drug is 

therapeutically equivalent to the patented drug before it can be used in clinical settings 

(155). The Moonshot clinical leads are currently undergoing preclinical toxicology and in 

vivo efficacy studies in preparation for phase I readiness.  The patent-free development 

of the Moonshot compounds aims to ensure equitable access, especially for LMICs. 

Limitations of this study include the condition that the antiviral assay was only 

performed in one human lung cancer cell line, Calu-3.  Additional testing utilising other 

human cell lines, such as Caco-2 and A549 cells, would have added greater depth to the 

dataset. In addition, the final leg of the study was hampered by the closure of the CL-3 

laboratory at the Peter Medawar Building, preventing further confirmatory experiments 

involving SARS-CoV-2 strains.  

In conclusion, I have performed a cellular screening experiment utilising both 

novel small molecule inhibitors targeting SARS-CoV-2 and clinical reference 
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compounds. Three preclinical leads from the COVID Moonshot project with potent 

antiviral activity and good PK (not shown, due to a non-disclosure agreement) were 

proposed for follow-on preclinical development. In terms of future pandemic 

preparedness, antiviral drug discovery efforts need to be backed by large-scale 

investment with dual goals to develop an arsenal of broad-spectrum antivirals for 

coronaviruses and other viruses of pandemic concern (11), as well as building worldwide 

clinical trial networks that can be rapidly utilised.  
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3 
Assessment of the iminosugar MON-DNJ as 

a host-targeting antiviral drug with broad-

spectrum activity 

 

Host-targeting antivirals target host cell factors essential for viral replication (59,156). 

HTAs can interfere with various stages of the viral life cycle, e.g. by modulating host 

pathways that interfere with viral entry, intracellular trafficking and uncoating, protein 

translation and replication machinery, lipid metabolism, and the induction of the host’s 

immune response (156). HTAs offer several advantages over DAAs, such as a lower risk 

of developing viral drug resistance by not targeting the virus directly which encourages 

the development of viral escape mutants; their potential broad-spectrum activity by 

targeting host proteins that are used by multiple viruses in their replication cycle, and 

therefore also the potential for rapid repurposing when facing newly emerging unknown 

viruses that depend on the same host proteins (62). Because of these conceptual 

advantages, research interest in HTAs has increased over recent years, sparked by the 

COVID-19 pandemic, with numerous HTAs demonstrating antiviral efficacy against 

SARS-CoV-2 in cellular assays (122). Despite this data, only a limited number of HTAs 

have progressed to clinical trial phases (156), and no HTAs are included in current SARS-
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COV-2 treatment guidelines (11). Inherent challenges of HTAs include the identification 

of safe, druggable host targets that are essential for viral replication, and the risk of 

unintended side effects (157,158). 

 

3.1. Introduction 

 

Drugs classified as HTAs target human proteins that are utilised by viruses for their 

replication cycle (Figure 1.1 of Chapter 1) (58,59,122,156,159). HTAs can interfere with 

several key host factors associated with various stages of the viral life cycle (159), 

including viral attachment and entry, interferon and lipid pathways, as well as viral 

glycoprotein folding in the endoplasmic reticulum (ER).  

 

3.1.1. Inhibitors of viral attachment and entry 

 

Virus entry into cells employs viral attachment to and penetration into the host target 

cell as critical steps of the virus life cycle (160,161).  Targeting these steps may result in 

the blockage of viral entry (160). An example of an entry inhibitor is maraviroc, an FDA-

approved CCR5 antagonist, that inhibits HIV-1 entry by blocking the interaction of the 

viral envelope glycoprotein gp120 with the CCR5 cellular co-receptor (162).  

SARS-CoV-2 S protein consists of subunits S1 and S2, responsible for viral 

attachment and subsequent fusion with the host cell membrane, respectively (163,164). 

The S protein binds to the ACE2 receptor in the cell membrane via the S1 subunit which 

carries the receptor binding domain (RBD), while the host cell’s TMPRSS2 and ADAM 

metallopeptidase domain 17 (ADAM17) are required for priming the S protein to allow 

fusion of the viral and host membranes through the S2 subunit promoting cellular entry 
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(163). Blocking the interaction between the S protein and the host’s ACE2 and/or 

TMPRSS2 proteins can interrupt virus entry into the cell (165,166). Camostat mesylate, 

a clinically approved inhibitor of TMPRSS2, blocks SARS-CoV-2 infection in vitro (165). 

SARS-CoV-2 S protein also interacts with human cyclophilin A (CypA), and their 

interaction increases S protein-mediated membrane fusion and viral infectivity (167). 

CypA has isomerase activity and chaperone-like function and plays an important role in 

the replication of several human viruses, including HIV, HBV, and coronaviruses in vitro 

(167–169). CypA is a cellular receptor of cyclosporin A (CsA), making CsA a potential 

inhibitor of SARS-CoV-2 viral entry (167). However, the immunosuppressive effect of CsA 

limits the use of this drug and non-immunosuppressive cyclosporin analogues have 

been developed, such as alisporivir (Debio 025), NIM811, SCY-635, sangliferins, and 

STG-175 (168,170). Another molecule that can interact with CypA is the extracellular 

matrix metalloproteinase inducer CD147. The interaction between CD147 and virus-

associated CypA can promote virus infection into host cells. The anti-CD147 receptor 

antibody meplazumab is effective in blocking virus entry into cells in vitro (171). In an 

RCT study, meplazumab had a good safety profile and reduced mortality, viral load, and 

cytokine levels in a severe COVID-19 patient population (172).  

Other virus entry inhibitors, like arbidol, are drugs that inhibit the membrane fusion 

of the viral envelope with the host’s cytoplasmic membrane. Such inhibition is based on 

the intercalation of the drug into membrane lipids that modifies the physicochemical 

properties of the phospholipids in the membrane, leading to the inhibition of membrane 

fusion between virus particles and host membranes (173,174). Arbidol (umifenovir) 

reduces SARS-CoV-2 viral loads and efficiently inhibits SARS-CoV-2 infection in vitro 

(175,176). However, results from RCTs suggested a limited efficacy of arbidol in treating 

COVID-19 (175,177) (Appendix 1). 
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The internalisation of SARS-CoV-2 into host cells is mediated by endocytosis, 

especially clathrin-mediated endocytosis (CME) (178). In the absence of TMPRSS2, the 

virus enters via CME and is delivered to endosomes, where cathepsin L activates the 

fusogenic properties of the S protein, allowing the release of virus genetic material into 

the cytosol (164). Clathrin plays a key role in the initial stages of CME, forming a coat on 

the plasma membrane to initiate vesicle formation, while dynamin, a GTPase, is 

essential for the final step of vesicle scission (179). CME inhibitors target clathrin and 

dynamin, which are essential for coronaviruses to enter the cell via endocytic pathways 

(180). Chlorpromazine (CPZ), an antipsychotic medication, has been repurposed as a 

COVID-19 therapeutic as it affects the assembly of clathrin-coated pits at the plasma 

membrane and was reported for its antiviral activity against MERS-CoV and SARS-CoV-

1, in vitro (181,182). The findings led to a clinical trial study of CPZ repurposing, which 

revealed a lower incidence of symptomatic forms of COVID-19 among patients treated 

with CPZ (183).  

 

3.1.2. Interferon and lipid pathways modulators 

 

As part of the host’s innate immunity, the interferon (IFN) response is crucial in providing 

a first line of defence against virus infection (184,185). Different types of IFN inhibit 

SARS-CoV-2 in vitro; these include type I IFN α and β, type II IFN γ and type III IFN λ (186). 

However, whether the IFN response has a protective or pathogenic effect in viral 

infection seems to be dependent on which IFN signalling pathway is induced (187). The 

contradictory results of IFN therapy in handling COVID-19 infection underline that the 

time from the beginning of the treatment and the route of administration are two central 

factors to be considered (188).  
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Nitazoxanide (and its active form tizoxanide), an FDA-approved drug for parasitic 

diarrhoea, modulates host interferon signalling in response to viral infection and has 

been repurposed for influenza virus (189) and Ebola virus (EBOV) (190), with promising 

antiviral activities when tested in vitro. Nitazoxanide has been tested in a phase IIb/III 

clinical trial (clinicaltrials.gov ID NCT01227421), showing a reduction of the duration of 

symptoms in participants with acute, uncomplicated influenza after five days (191). 

Nitazoxanide has also been tested in vitro for coronaviruses (192,193) and various RCTs 

support its use for the treatment of COVID-19 with good safety profiles and efficacy in 

reducing SARS-CoV-2 viral load within 7 days, improving clinical outcomes, symptom 

resolution, a shorter duration for oxygen supplement, with lowered levels of CRP, D‐

dimer, and ferritin levels after 7 days (193–195). 

The increase in lipid metabolism following viral infection indicated the utilisation 

of host lipids by the virus to replicate (196). In SARS-CoV-2 infection, the acid 

sphingomyelinase activity is triggered by SARS-CoV-2 binding to host cells, which in turn 

leads to the formation of ceramide-enriched membrane domains (197). The lipophilic 

ceramide forms large gel-like rafts/platforms in the plasma membrane that help viral 

entry by clustering the ACE2 receptor (28,197). Fluvoxamine inhibits the 

sphingomyelinase activity-prompted formation of the membrane rafts (28,197). 

Fluvoxamine and other functional inhibitors of acid sphingomyelinase activity (FIASMA) 

drugs were associated with reduced mortality in COVID-19 patients (198), although 

clinical evidence was deemed insufficient to issue a treatment recommendation in the 

National Institutes of Health treatment guidelines (11). 
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3.1.3. Inhibitor of viral glycoprotein folding  

 

Viruses hijack cellular machinery to produce and traffic their proteins, processes that 

involve the exploitation of cellular factors, organelles, and intracellular pathways (199). 

Protein glycosylation is a ubiquitous modification of newly synthesised proteins in the 

ER, which is crucial for protein folding, QC, and proper trafficking within the secretory 

pathway. Depending on the linkage of the oligosaccharide to the amino acid side chain 

of the protein, there are two major types of protein glycosylation: N- and O-glycosylation. 

N-glycosylation and early N-glycan processing steps are highly conserved in all 

eukaryotes. The preassembled triglucosylated N-glycan precursors are transferred en 

bloc to nascent polypeptide chains where they undergo further trimming by ER alpha-

glucosidase I and II in the calnexin (CNX)/calreticulin (CRT) cycle (Figure 3.1) (200,201).  

 

 

 

Figure 3.1. The calnexin/calreticulin cycle within the host cell’s endoplasmic reticulum involved 

in the proper folding of secreted glycoproteins. A. MON-DNJ is an example of the iminosugars that 

inhibit glucosidase enzymes. B. The chemical structure of the hydrochloride salt form of MON-

DNJ, also known as UV-4B 
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The resulting monoglucosylated N-linked glycan can interact with the ER-resident 

lectin chaperones CNX and CRT, which promote protein folding. These first steps of N-

linked glycan processing within the CNX/CRT cycle are essential for the proper folding 

and function of many glycoproteins (200). After the final glucose residue has been 

removed by ER alpha-glucosidase II, re-addition of the single glucose unit by the folding 

sensor UDP-glucose:glycoprotein glucosyltransferase (UGGT) facilitates prolonged 

interaction with CNX/CRT for proteins not yet correctly folded (202). Several rounds of 

glucose trimming, re-glucosylation and interaction with CNX/CRT are possible until 

proteins achieve their final conformation and are released from this glycan-dependent 

QC process (200). Misfolded proteins failing this QC check are sent for ER-associated 

degradation (ERAD) processing that involves retro-translocating of misfolded proteins 

from the ER to the cytosol, followed by ubiquitination, and then degradation by the 

proteasome (203,204). Many enveloped viruses require the protein-folding machinery in 

the host ER to correctly fold their glycoproteins (205). Drugs that partially inhibit the 

enzymes involved in this QC pathway prevent such viruses from folding properly, and 

they either cannot be secreted at all or are secreted in a non-infectious form (59). The 

glucose stereochemistry of iminosugars, in which the cyclic oxygen is replaced with 

nitrogen, targets the ER alpha-glucosidase enzymes and prevents proper folding and 

incorporation of viral glycoproteins (205–208). Iminosugars are antiviral for many 

different enveloped viruses in vitro and in vivo, such as dengue virus (DENV) and other 

flaviviruses, influenza virus, HBV and HCV, as well as hemorrhagic fever viruses like 

Marburg and EBOV (201,209–214), making them interesting HTAs with potential broad-

spectrum activities.  
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3.1.4. Glycoprotein folding inhibitors as broad-spectrum antivirals 

against coronaviruses 

 

The extensively glycosylated SARS-CoV-2 S protein is essential for viral entry, and its 

proper folding in the ER may be dependent on the CNX/CRT cycle (215). Therefore, 

inhibiting the CNX/CRT cycle may lead to improper folding of the S protein, which may 

lead to an antiviral effect, such as observed in SARS-CoV-1, where the iminosugar IHVR-

19029 disrupts the interaction of the S protein and CNX, and produces SARS virions with 

significantly lower infectivity than untreated virions (215,216). With that in mind, 

celgosivir, the oral prodrug of castanospermine, a naturally occurring bicyclic 

iminosugar and alpha-glucosidase inhibitor, was tested against SARS-CoV-2 and 

inhibited viral replication in vitro (158,215,217).  

Miglustat, another iminosugar and clinically approved drug for Gaucher's disease, 

is also active in vitro against a variety of enveloped viruses, including SARS-CoV-2 (218). 

The treatment with miglustat led to a marked decrease in the level of RBD protein, both 

inside the cells and expressed on the cell surface, implying the role of miglustat as an 

inhibitor of the proper folding and/or release of functional S protein (218). In the study, 

Rajasekharan et al. used an expression vector for SARS-CoV-2 Spike RBD to assess the 

effect of miglustat treatment on protein release from transfected HEK-293T cells. The 

expressed RBD protein was detected by immunoblot for the His-tag and RBD protein, 

both in supernatant and cell extracts, with β-actin as the loading control. The released 

RBD protein was highly abundant in the cell supernatant under normal conditions; 

however, upon treatment with 200 μM of miglustat, the release of RBD protein to the 

supernatant was impaired. Conversely, RBD was more abundant in the intracellular 
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extracts of miglustat-treated cells, and this could be consistent with misfolded proteins 

being retained inside the cell (218). 

Early on during the COVID-19 pandemic, the Zitzmann laboratory screened 100 

FDA-approved and experimental compounds, all small molecules, in a human lung 

epithelial Calu-3 cell line infected with SARS-CoV-2, and identified iminosugars as 

potential antiviral inhibitors of coronaviruses, among them is MON-DNJ (122). The 

monocyclic MON-DNJ (N-(9-methoxynonyl)-1-deoxynojirimycin, also known as UV-4) is 

the furthest clinically developed antiviral iminosugar from the Zitzmann laboratory, with 

a proven clinical safety profile in humans (63).  

A key mechanism by which iminosugars act as antivirals is their ability to disrupt 

glycoprotein folding, arising from the inhibition of ER alpha-glucosidase I and II. The 

iminosugar MON-DNJ interacts with the active site of these alpha-glucosidases (219), 

which control entry to the calnexin cycle (Figure 3.1). The calnexin cycle is required for 

the correct folding of many glycoproteins, including viral glycoproteins (205,220). MON-

DNJ is a derivative of the naturally occurring iminosugar 1-Deoxynojirimycin (DNJ) from 

mulberry (Morus spp.) leaves and silkworm (221), showing inhibition of alpha-

glucosidase activity, and modified to increase antiviral efficacy (205).  

MON-DNJ was developed through alkyl chain elongation and oxygenation to be a 

more potent yet similarly non-toxic derivative of NB-DNJ (209,222). MON-DNJ has been 

tested against a range of viruses in vitro and shows in vivo efficacy in animal models 

against DENV and influenza A virus. The primary antiviral mechanism of action of MON-

DNJ is the inhibition of alpha-glucosidases, which leads to a reduced release of virus 

from infected cells (reviewed in (209)). 

The inhibition of alpha-glucosidase I and II and the resulting accumulation of 

misfolded proteins will trigger ERAD (205). This leads to the presence of glucosylated 
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free oligosaccharides (FOS), which are products of glycoprotein degradation where the 

glycan portion is released prior to the proteasomal destruction in the cytosol by a 

peptide: N-glycanase (PNGase). For example, the inhibition of alpha-glucosidase II 

results in a monoglucosylated glycoprotein. After trimming of the glycan precursor by 

mannosidases and recognition of the glycoprotein as terminally misfolded, a 

Glc1Man4GlcNAc1 FOS species is generated during ERAD. Alpha-glucosidase I inhibition 

leads to the accummulation of Glc3Man5GlcNAc1 FOS species (209). 

FOS are considered a marker of the ERAD, and analysis of FOS derived from 

degraded glycoproteins provides both qualitative and quantitative insight into 

glycoprotein degradation in the ER on a cellular level (223). The presence and levels of 

cytosolic FOS can be measured (e.g. by high-performance liquid chromatography 

(HPLC)) to monitor ERAD activity, glycoprotein misfolding, and degradation pathways. In 

order to measure FOS, cells are treated with inhibitors of ER degradation or glycan-

processing (using an iminosugar, e.g. NB‐DNJ) or by overexpression/silencing of ERAD 

components such as EDEM1 (a mannosidase). The cytosolic and lumenal cell extracts 

are collected, and FOS are isolated and fluorescently labelled. HPLC is then used to 

separate and quantify oligosaccharides based on their structure (e.g. Glc1Man4GlcNAc1 

or Glc3Man5GlcNAc1). Changes in FOS profiles or their quantities serve as indirect 

measures of misfolded glycoprotein processing and ERAD pathway engagement (223). 

The analysis of the level of glucosylated FOS in the cytosol is a valuable test for the 

efficacy of novel iminosugars in a cellular context (205,224).  

MON-DNJ has been tested for its safety and PK profiles in both multiple ascending 

doses (clinicaltrials.gov ID NCT02696291) and single ascending doses (clinicaltrials.gov 

ID NCT02061358). The results from these phase I clinical trials showed that the drug 

could be administered at a comparably low concentration three times daily for seven 
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days or as long as required in acute infection. At the drug serum levels achieved at such 

low doses, MON-DNJ mostly inhibits ER alpha-glucosidase II (59). A single higher dose 

of MON-DNJ prevents death in mice infected with lethal doses of influenza or DENV, even 

if administered days after infection, and in this case, protection correlated with inhibition 

of ER alpha-glucosidase I (211). This raised the possibility of developing MON-DNJ as a 

single high-dose treatment that could be given even after infection (though before 

symptoms develop), e.g. after a known high-risk encounter.  The advent of the COVID-19 

pandemic around the time these data were published for dengue and influenza meant it 

was important and urgent to test the performance of MON-DNJ also against SARS-CoV-

2 (59,215).  

 

In this chapter, I investigated the antiviral activity of MON-DNJ against SARS-CoV-

2 variants and HCoVs through cell-based antiviral assays in human cell lines combined 

with an FFU assay as a readout to measure viral replication in vitro. 

 

3.2. Materials and Methods 

 

3.2.1. Cell lines and viruses 

 

The maintenance of the human lung cancer cell line Calu-3 (ATCC HTB-55), the African 

green monkey Vero E6 cell line (ATCC CRL-1586), Vero-TMPRSS2, and the human 

hepatocyte cell line HuH-7 (JCRB0403) was described in Chapter 2. SARS-CoV-2 wild-

type strain ENG2/20 was provided as a passage 1 stock and passaged in Vero E6 cells to 

generate the passage 2 sub-master and passage 3 working stocks. SARS-CoV-2 variants 

alpha (B.1.1.7), beta (B.1.351), gamma (P.1), delta (B.1.617.2), and Omicron (B.1.1.529), 
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as well as HCoV OC43 were gifts from William James (Sir William Dunn School of 

Pathology, University of Oxford). HCoV 229E was a gift from Narayan Ramamurthy 

(Nuffield Department of Medicine, University of Oxford). Virus propagation, stock 

generation, and titer determination were described in Chapter 2. 

 

3.2.2. MON-DNJ antiviral assay 

 

Calu-3 cells were seeded into Nunc Edge 2.0 96 well plates (Nunc, Merck) at a cell 

density of 8 × 104 cells/well in 200 μL of growth medium (section 2.2.1. of Chapter 2). 

After 36 to 48 hours of incubation, the supernatant was removed, and the wells were 

inoculated for two hours with 50 μL of the challenge virus (e.g. SARS-CoV-2 ENG2/20) at 

a m.o.i of 0.5, in triplicate, in growth medium. The inoculum was removed and replaced 

with 200 μL of growth medium containing the appropriate MON-DNJ dilutions or D-PBS 

as the matched vehicle control. The infected cells were then incubated with the drug for 

two days (48 hours). The supernatant was harvested and stored at -70oC prior to analysis 

by FFU assay. The cell monolayer was stained with naphthol blue black to inspect cell 

death. 

The antiviral assay for HCoVs was established based on the SARS-CoV-2 antiviral 

assay.  Changes were made in the choice of the most appropriate cell line used to 

support the growth of both HCoVs OC43 and 229E. The human cell line HuH-7 was 

seeded into 96-well plates (Nunc) at a cell density of 5 × 104 cells/well in HuH-7 medium 

(DMEM-10% FBS supplemented with 1× MEM non-essential amino acids). Following the 

48 hours of incubation at 37°C, 5% CO2, the cells were inoculated with 50 µL of the 

challenge virus at a m.o.i of 0.5, in triplicate. Infection was allowed to proceed for 90 

minutes, then the inoculum was replaced with 200 µL of growth medium containing 
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MON-DNJ dilutions or D-PBS control and incubated for 72 hours. The supernatant was 

harvested and stored at -70°C prior to analysis by FFU assays, performed in Vero-

TMPRSS2 cells for HCoV OC43 and HuH-7 for HCoV 229E, and according to the SARS-

CoV-2 FFU assay described in the following section. 

 

3.2.3. MON-DNJ FFU assay 

 

To increase throughput, the SARS-CoV-2 microneutralisation assay was adapted for use 

as an FFU assay, as described in detail in Chapter 2 and elsewhere (140,141). Briefly, 

three half-log dilutions of each supernatant to be analysed were prepared in virus 

propagation medium. A volume of 20 μL of each dilution was added to wells of a 96-well 

plate (Greiner Bio-One) in quadruplicate, followed by the addition of 100 μL of Vero E6 

cells at 4.5 × 105 cells/mL in virus propagation medium. For HCoVs, the cell number of 5 

× 104 cells/well was used. The plates were incubated for two hours prior to the addition 

of 100 μL of 1.8% CMC overlay. The plates were incubated for a further 24 hours. After 24 

hours, the overlay was carefully removed, and the cells were washed once with PBS 

(Gibco) before fixing with 50 μL of 4% paraformaldehyde (Thermo). After 30 minutes of 

incubation, the paraformaldehyde was removed and replaced with 100 μL of 1% 

ethanolamine in PBS (Merck). The cells were permeabilised by replacing the 

ethanolamine with 2% Triton X100 in PBS (Merck) and incubating at 37°C for 30 minutes. 

The plates were then washed three times with wash buffer (PBS-0.1% Tween 20 (Merck)), 

inverted, and gently tapped onto a stack of tissue to dry before the addition of 50 μL of 

primary antibody specific for the tested virus (gift from Arthur Huang (Taiwan) via Alain 

Townsend and Jack Tan (Weatherall Institute of Molecular Medicine, University of 

Oxford)) at 10 pmol concentration in wash buffer. A summary of the optimal FFU assay 
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conditions for antiviral drug testing against coronaviruses is presented in Table 3.1. The 

plates were rocked at RT for one hour and subsequently washed six times with 100 μL of 

wash buffer, tapping to dry after every three washes. Then, 100 μL of secondary antibody 

anti-human IgG (Fc-specific)-peroxidase-conjugate produced in goat (Merck) diluted 

1:5,000 or anti-mouse IgG-peroxidase conjugate diluted 1:1,000 (Merck) in wash buffer 

was added to the wells according to the species of the primary antibody and the plates 

were rocked at RT for one hour. The plates were rinsed six times with wash buffer, with 

tapping to dry after every three washes. Finally, 50 μL of TrueBlue peroxidase substrate 

(Insight Biotechnology Ltd.) was added to the wells and incubated at RT on the rocker for 

10 minutes; the substrate was removed, and plates were washed with 100 μL of ddH2O 

followed by a 10-minute incubation. The water was removed, and the plates were 

allowed to air dry. The foci (dark blue spots) were then counted using an ELISPOT classic 

reader system (AID GmbH). 

 

3.2.4. Compound preparation and cell cytotoxicity assay 

 

The hydrochloride salt form of MON-DNJ, also known as UV-4B, was dissolved in PBS 

(Gibco). For the antiviral assay, eight half-log dilutions in Calu-3 medium were prepared 

in triplicate from the highest non-toxic concentration determined (1,000 µM). 

Appropriate matched controls of the PBS solvent were also generated. Cell viability after 

treatment with MON-DNJ was measured using the CellTiter 96 AQueous One Solution 

Cell Proliferation MTA Assay (Promega), according to the manufacturer’s instructions 

(described in detail in Chapter 2, section 2.2.3). 
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Table 3.1. Summary of the optimal FFU assay conditions for testing MON-DNJ against SARS-CoV-2 variants and human coronaviruses 

Challenge virus 

Cell line used 

in antiviral 

assay 

m.o.i 
Virus challenge 

incubation time 

Cell line 

used in FFU 

assay 

Optimised dilution 

factor of samples 

from antiviral assay 

Optimised 

dilution factor 

for FFU readout 

Primary antibody 

SARS-CoV-2 strain 

ENG 2/20 
Calu-3 0.5 48 hrs Vero E6 1.0 & 1.5-log 1.5-log EY 2A mAb (Human) 

SARS-CoV-2 Alpha 

(B.1.1.7) variant 
Calu-3 0.5 48 hrs Vero E6 0.5 & 1.0-log 1.0-log FB 9B mAb (Human) 

SARS-CoV-2 Beta 

(B.1.351) variant 
Calu-3 0.5 48 hrs Vero E6 1.5 & 2.0-log 1.5-log FB 9B mAb (Human) 

SARS-CoV-2 Gamma 

(P1) variant 
Calu-3 0.5 48 hrs Vero E6 1.5 & 2.0-log 1.5-log EY 2A mAb (Human) 

SARS-CoV-2 Delta 

(B.1.617.2) variant 
Calu-3 0.5 48 hrs Vero E6 1.0 & 1.5-log 1.5-log EY 2A mAb (Human) 

SARS-CoV-2 Omicron 

(B.1.1.529) variant 
Calu-3 0.5 48 hrs Vero E6 0.5 & 1.0-log 1.0-log FB 9B mAb (Human) 

HCoV OC43 HuH-7 0.5 48 hrs 
Vero-

TMPRSS2 
1.0 & 1.5-log 1.0-log FB 1E mAb (Human) 

HCoV 229E HuH-7 0.5 48 hrs HuH-7 2.0 & 3.0-log 3.0-log 
α-229E mAb 

(Mouse) 
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3.3. Results 

 

3.3.1. The establishment of FFU antiviral assays for testing MON-DNJ against 

SARS-CoV-2 variants and HCoVs 

 

The development of FFU assays for coronaviruses involves the selection of the most 

suitable cell lines, the culture and virus infection conditions, and the selection of 

primary and secondary antibodies to visualise and quantify virus foci efficiently. SARS-

CoV-2 variants, as well as HCoVs OC43 and 229E, generated foci of variable sizes and 

numbers despite using the same initial m.o.i and incubation time (Figure 3.2). 

Adjustments were made to each FFU assay for each particular virus variant or strain to 

yield efficient foci counting; one such adjustment was the dilution factor of the original 

supernatant from the antiviral assay to generate a good FFU readout (Table 3.1).  

 

 

Figure 3.2. Focus morphology of different variants of SARS-CoV-2 and two HCoVs after an FFU 

assay visualisation in wells of a 96-well plate. The assay was performed using a m.o.i of 0.5 and 

48 hours of incubation. 
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3.3.2. Cell cytotoxicity of MON-DNJ in different cell lines 

 

The cell cytotoxicity of MON-DNJ was tested in the four different cell lines used in the 

study (Figure 3.3). The viability of the cell lines after treatment with MON-DNJ for 48 

hours (mirroring the incubation time in the antiviral assay) was above the 50% cell death 

threshold. Approximately 30% of cell death was observed in both Vero E6 and Vero-

TMPRSS2 cells post-MON-DNJ treatment at the highest concentration tested (1,000 µM). 

No significant reduction of cell viability was observed for both human Calu-3 and HuH-7 

cells that are used in the SARS-CoV-2 and HCoV antiviral assays.  

 

Figure 3.3. The CC50s of MON-DNJ in four different cell lines. MON-DNJ treatment does not reach 

50% inhibition of cell viability even at the highest dose tested (1,000 μM). Error bars showing the 

standard deviation of means from four replicates. The nonlinear regression curve fit was 

performed using the four-parameter logarithmic equation in GraphPad Prism v. 9.0. 
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3.3.3. The influence of virus multiplicity of infection (m.o.i) on the antiviral assay  

 

In an attempt to determine the most suitable m.o.i for the antiviral assay and to check 

the influence of the number of viruses added to the experimental system, a comparison 

of different m.o.i.s (in Pfu/cell) was performed in the antiviral assay of SARS-CoV-2 alpha 

and Omicron variants. No significant differences were observed when comparing 

different m.o.i.s in both SARS-CoV-2 variants (Figure 3.4). Although different IC50 values 

were measured, similar pIC50 values were generated. The m.o.i of 0.5 was selected for 

the antiviral assay to allow sufficient virus particles to infect cells while ensuring the total 

amount of virus needed for the assay can be accommodated by preparing lower titer 

virus stocks. 

 

Figure 3.4. The effect of using different m.o.is on MON-DNJ antiviral activity. The comparison was 

performed using SARS-CoV-2 variants alpha (A) and Omicron (B). Error bars show the standard 

deviation of means from three biological replicates (N=3) and three technical replicates. The 

nonlinear regression curve fit was performed using the four-parameter logarithmic equation in 

GraphPad Prism v. 9.0. 
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3.3.4. Antiviral activity of MON-DNJ against coronaviruses 

 

The iminosugar MON-DNJ was antiviral against all SARS-CoV-2 variants (Figure 3.5), 

though with varying efficacy. The IC50 values measured for the different SARS-CoV-2 

variants are shown in Figure 3.5 and Table 3.2. MON-DNJ was most potent against the 

Omicron strain, with an IC50 of 14.1 μM. Higher IC50 values were observed for Eng2/20, 

beta, alpha, gamma, and delta variants, with IC50s of 51.7, 88.1, 123.5, 186.0, and 219.2 

μM, respectively.  

 

 

Figure 3.5. Antiviral activity of MON-DNJ against SARS-CoV-2 variants. The inhibitory curve 

against each SARS-CoV-2 strain is displayed as a measurement result of an FFU antiviral assay 

performed in three biological replicates (N=3) and three technical replicates, with error bars 

showing the standard deviation of the mean. The nonlinear regression curve fit was performed 

using the four-parameters logarithmic equation in GraphPad Prism v. 9.0. The R2 value represents 

the goodness of fit of the curve. 
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Table 3.2. MON-DNJ antiviral activity against SARS-CoV-2 variants. The IC50, 95% confidence 

interval/CI, and pIC50 are shown. Results were derived from three biological replicates (N = 3). 

Higher pIC50 values signify higher potency (68). 

Virus strain/variant MON-DNJ IC
50

 (μM) MON-DNJ IC
50

 (μM, 95% CI) pIC50 (μM)
 

ENG2/20 51.7 46.7 – 57.3 4.29 

Alpha (B.1.1.7) 123.5 106.2 – 148.3 3.91 

Beta (B.1.351) 88.1 70.7 – 117.8 4.06 

Gamma (P.1) 186.0 142.2 – 279.4 3.73 

Delta (B.1.617.2) 219.2 201.3 – 238.5 3.66 

Omicron (B.1.1.529) 14.1 13.3 – 15.1 4.85 

 

3.3.5. The replication rate of SARS-CoV-2 variants in relation to MON-DNJ 

potency 

 

 

Figure 3.6. Linear regression analysis between the replication rates of SARS-CoV-2 variants and 

MON-DNJ antiviral potency. The infection levels were recorded after 48 hours post-infection with 

a m.o.i of 0.5 in untreated (no drug) Calu-3 cells. Results from three biological replicates (N=3) 

and four technical replicates are shown. 
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The replication rate of each SARS-CoV-2 variant in the untreated (virus only) control after 

incubation of 48 hrs in a 0.5 m.o.i antiviral assay system was plotted against the potency 

of MON-DNJ (shown as corresponding pIC50 values), revealing a significant correlation 

between both (Figure 3.6):  MON-DNJ is more potent in SARS-CoV-2 strains/variants that 

have a higher replication rate. 

 

3.3.6. MON-DNJ antiviral activities against human coronaviruses OC43 and 

229E 

 

When tested against human coronaviruses, MON-DNJ shows antiviral activity against 

HCoV OC43 but much less so against 229E (Figure 3.7). While the IC50 is 21.3 μM for 

HCoV OC43, for HCoV-229E, the IC50 was still not reached even at the highest MON-DNJ 

concentration tested (1,000 µM). 

 

 

Figure 3.7. Antiviral activity of MON-DNJ against human betacoronavirus HCoV OC43 and 

alphacoronavirus HCoV 229E. Results are from FFU measurements performed in two biological 

replicates (N=2) and three technical replicates with error bars showing the standard deviation of 

the mean. The nonlinear regression curve fit was performed using the four-parameter logarithmic 

equation in GraphPad Prism v. 9.  
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3.4. Discussion 

 

Conceptually, HTAs offer many advantages in a pandemic scenario, such as broad-

spectrum antiviral activity and a high genetic barrier for viral escape mutants in 

comparison to DAAs.  

Drug resistance has been one of the major challenges in antiviral drug discovery, 

and has been observed for DAAs targeting HCV, influenza, HIV, and coronaviruses 

(145,225–229). In addition, driven by the high error rate of the viral RdRp and selective 

immune pressure, circulating viruses constantly generate new variants, giving rise to 

recurrent COVID-19 waves (146,230). 

On the other hand, viral variability is a challenge for the development of future 

vaccines and DAAs. One case report showed that a SARS-CoV-2 mutant bearing the 

NSP12 RdRp E802D mutation was detected in a patient experiencing recrudescence of 

viral shedding that occurred during and after remdesivir therapy (149). The effect of the 

mutation was confirmed in an in vitro replication kinetic study where SARS-CoV-2 

mutant replicated to a higher titer than the parental virus, in the presence of a high 

concentration (5 μM) of remdesivir, resulting in an increased IC50 value (4.2 μM vs 0.7 μM 

or 6-fold) (149). The E802D mutation was also detected in another in vitro study, which 

selected drug-resistant viral populations by serially passaging SARS-CoV-2 in the 

presence of remdesivir (154). Case reports detected a V792I mutation, also in the NSP12 

RdRp gene, developing in immunocompromised renal transplant recipients after 

remdesivir exposure (231,232).  

In another serial passaging in vitro study, the V792I mutation conferred a 2.6-fold 

increase in EC50 compared to the DMSO-passaged virus (233). However, an in vivo RCT 

study (ACTT-1) in patients showed a similar rate of emergent mutations in NSP12 
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observed in participants treated with remdesivir or placebo, suggesting that NSP12 RdRp 

gene mutations were due to natural viral evolution for virus adaptation to evade the 

immune response, and not related to remdesivir (234). Further in vitro phenotyping 

showed a low change in susceptibility to remdesivir relative to the wild-type NSP12 

reference for the V792I mutation (2.2-fold change in EC50) (234). 

The HTA approach is considered to be less prone to the emergence of drug 

resistance caused by virus mutations, and developing an HTA should become a priority 

for preventing future viral epidemics from turning into pandemics (59,60). In vivo studies 

in mice revealed that MON-DNJ exhibited low potential for the development of viral 

resistance when used against DENV (235) and influenza A virus (236,237), showing a high 

genetic barrier to the generation and selection of escape mutants following exposure to 

this iminosugar, making it a potential HTA (209,237).  

For the most advanced antiviral iminosugar, MON-DNJ, I demonstrated no cellular 

toxicity when tested against Calu-3, HuH-7, Vero E6 and Vero-TMPRSS2 cells (Figure 3.3), 

with all cell lines showing acceptable viability up to the highest drug concentration 

tested (1,000 µM). These results are in accordance with previous data (238). MON-DNJ, 

which was developed for DENV, completed a phase I clinical study, with no serious 

adverse events at doses up to 1,000 mg in humans (63). 

MON-DNJ displays antiviral activity against different betacoronavirus variants, 

including SARS-CoV-2 variants and HCoV OC43 in human Calu-3 and HuH-7 cells 

(Figures 3.5 and 3.7). This is in line with published data, where MON-DNJ was active 

against SARS-CoV-2-induced cell death and reduced viral replication after 24 hours of in 

vitro treatment of infected Vero E6 cells (215). Another study reported that UV-4B, the 

hydrochloride salt form of MON-DNJ, showed a potent in vitro antiviral activity against 

the wild type and beta variants of SARS-CoV-2 in A549 and Caco-2 cell lines expressing 
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ACE2 (239). Franco et al. also found different degrees of inhibition by MON-DNJ against 

the wild-type USA-WA1/2020 strain and the beta variant in A549 and Caco-2 cell lines, 

with higher EC50s detected against wild-type strain (239). Further, in combination with 

EIDD-1931, the active form of molnupiravir, MON-DNJ exhibited potent cellular activity 

against SARS-CoV-2 in vitro at low micromolar IC50 concentrations (240). 

A correlation between viral replication rate and the potency of MON-DNJ was 

observed, where MON-DNJ is more potent against SARS-CoV-2 variants with higher 

replication rates (Figure 3.6). An explanation for this observation is that the highly 

replicating SARS-CoV-2 virus variant may increase the load on the cell glycoprotein 

folding mechanism, through the calnexin/calreticulin cycle, to correctly fold the 

generated viral proteins. Hence, a smaller dose of MON-DNJ iminosugar is needed to 

further inhibit the overloaded CNX/CRT cycle and escalate the amount of misfolded 

proteins in the ER. This will result in a decreased amount of newly generated infectious 

virus. 

In my hands, MON-DNJ was significantly less potent against HCoV 229E. In line 

with this data, strain-specific differences in iminosugar potency have been reported for 

other enveloped viruses such as Hazara (241), influenza (237), and vesicular stomatitis 

virus (242).  

One of the drawbacks of the use of iminosugars is that, as glucose-mimetics, they 

may have several unitended off-target effects, including the inhibition of intestinal alpha-

glucosidases (gut disaccharides) (243,244). Clinically, inhibition of intestinal alpha-

glucosidases could lead to osmotic diarrhoea, however, this has not been reported as a 

side effect in the clinical trial for MON-DNJ (63). 
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I argue that, considering the antiviral effects of MON-DNJ, translational 

development into a clinical candidate for pandemic preparedness should be 

considered, in particular for viral families that rely on the CNX/CRT cycle for glycoprotein 

folding, such as influenza A, DENV, and coronaviruses. A potential next step in 

translational development would be testing MON-DNJ in human challenge models of 

either influenza A or SARS-CoV-2.  

The results from iminosugar testing against SARS-CoV-2 variants presented here 

formed part of a paper published by the Zitzmann group and colleagues (122). 

Unfortunately, this part of my DPhil was impacted by the fact that the local CL-3 

laboratory had to be closed down for over a year during my thesis, and I was therefore 

not able to pursue additional SARS-CoV-2 cellular assays. This prevented me from 

testing other iminosugars against different and newer variants of SARS-CoV-2.  

In summary, the iminosugar MON-DNJ is an HTA that is active against different 

variants of SARS-CoV-2 and betacoronavirus HCoV OC43. Further preclinical and 

clinical studies are required to support the use of MON-DNJ as a therapeutic for 

pandemic preparedness.  
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4 
The development of matrix-assisted laser 

desorption ionisation – time of flight 

(MALDI-ToF) mass spectrometry methods 

to detect falsified vaccines 
 

 

The rapid development of vaccines against COVID-19 was a remarkable success in 

biomedical research, marked by their supply and distribution worldwide, with billions of 

doses administered (13). However, while these vitally important vaccines were not 

distributed equitably around the globe, there were increasing concerns about the 

occurrence and impact of SF vaccines (14,68,69).  

There are no readily available devices currently being used in the supply chain to 

screen for SF vaccines. Such devices are required to empower inspectors and 

enforcement agencies conducting risk-based post-marketing surveillance. The use of 

the devices could be integrated into the national regulatory standards and WHO’s 

Prevent, Detect, and Respond strategy (14). Matrix-assisted laser desorption ionisation-

time of flight (MALDI-ToF) MS is globally available for fast and accurate identification of 
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bacteria and fungi in patient samples (245), and this method could potentially be 

repurposed as an accessible solution to help identify SF vaccines. MALDI-ToF’s low 

sample volume requirements and the high-throughput nature of the analysis provide 

significant benefits as a lower-cost MS platform that could be used for coordinated 

vaccine authenticity testing in local reference laboratories or central facilities (246). 

 

4.1. Introduction 

 

4.1.1. Substandard/falsified vaccines and medical products 

 

According to the WHO, approximately 10% of medical products distributed in LMICs are 

either substandard or falsified (70,71). This concerning estimate suggests a significant 

but neglected risk, potentially leading to higher rates of illness, death, and economic 

harm, as well as eroding public trust in healthcare systems (71).  

Substandard or ‘out of specification’ products are authorised medical products 

that fail to meet either their quality standards or specifications, or both (71). For 

example, if the vaccine cold chain is not maintained in the supply chain (e.g. if a vaccine 

is left at ambient temperature, which can be above 45°C in some countries), this is likely 

to result in a poor-quality substandard vaccine. In contrast, falsified products refer to 

products that deliberately or fraudulently misrepresent their identity, composition or 

source (70,71), as a result of criminal activities.  

SF medical products pose a significant threat to health as they are of poor quality, 

unsafe and/or ineffective (73). Moreover, there is inadequate recognition of the scale of 

the problem or of the need to establish appropriate risk analysis, monitoring and 

intervention systems. Within a period of two years from 2020-2022, there were 184 
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reports of diverted and SF COVID-19 vaccines from 48 countries and most cases of 

vaccine falsification were in LMICs (74). In one of these 184 incidents alone, 2,500 

people were wrongly injected with saline as a fake instead of the genuine COVID-19 

vaccine in 12 fake vaccination drives in Mumbai, India, in 2021 (247). In another case in 

2021, a member of the Indian parliament (along with a few hundred other individuals) 

was injected with falsified COVISHIELD in Kolkata, India, where they may have been 

injected with antibiotic amikacin instead (248). Other cases include 6,000 vials of 

falsified COVISHIELD COVID-19 vaccine (equivalent to 60,000 doses) seized in Varanasi, 

India in 2022 (249) and other falsified COVID-19 vaccines, including the Oxford 

AstraZeneca vaccine (in Iran in 2021) (250) and the Pfizer-BioNTech Comirnaty vaccine 

(in Poland, Mexico and Iran in 2021) (251,252). Before the pandemic, multiple non-

COVID-19 vaccines had also been falsified, including vaccines for cholera (Dukoral in 

Bangladesh), rabies (Verorab in the Philippines) and meningitis (Mencevax in Niger) 

(253). In 2016 alone, around 5,000 children in Indonesia were injected with falsified 

vaccines (254). 

Falsified COVISHIELD vaccine, a recombinant non-replicating chimpanzee 

adenovirus viral vector (ChAdOx1) vaccine encoding the SARS-CoV-2 S glycoprotein 

(255), has been identified in the WHO regions of Africa (Uganda), South Asia (India) and 

Southeast Asia (Myanmar) in 2021 (256). In these cases, the criminals had also changed 

the vial labels in the following ways: falsifying the expiry date (Uganda), stating an 

incorrect volume of 2 mL with 4 doses instead of 5 mL with 10 doses (India), and falsifying 

the batch number with an incorrect spelling of vaccine brand as COVISHELD (Myanmar). 

It is not in the public domain what materials the criminals used to make the falsified 

labels in the three countries. However, from the photos in the WHO Medical Product 

Alert (256), it appears as though the labels could have been self-adhesive office labels 
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with the label information printed using an office colour printer. Since falsified vaccines 

could sometimes be recognised by accompanying falsified vaccine vial labels, the 

analysis of labels is attractive for vaccine authenticity testing. In addition, it offers a non-

invasive way to vaccine authenticity testing and therefore allows the tested vaccine vials 

to be retained in the supply chain.  

 

4.1.2. Tools to detect SF vaccines 

 

The world is at risk of a surge of SF medical products if the supply chains are not 

supported by appropriate quality assurance systems once these products leave the 

manufacturers’ premises (14). This highlights the critical role of regulatory authorities to 

continuously prevent, detect, and remove SF medical products in the supply chains (75). 

The monitoring of SF medical products should always be an intrinsic part of disease 

surveillance programs since SF products can contribute to morbidity, mortality, and drug 

resistance, and lead to loss of confidence in health-care systems (76).  

The risk of SF vaccines in the pandemic spawned increased interest, with the 

evaluation of near-infrared (257), spatially-offset Raman spectroscopy (SORS) (258) and 

lateral flow test devices (78). The VIE collaboration has been evaluating a diverse range 

of screening devices (78,258). MALDI-ToF MS is widely available throughout the world, 

including in some LMICs where they are used in clinical microbiology laboratories for the 

identification and speciation of microorganisms (259) and other specific purposes, e.g. 

to identify proteins in influenza virus vaccines (260). In terms of global distribution, an 

estimated 7,200 MALDI instruments were available worldwide in 2020 (261). As the 

devices are commonly used in hospital microbiology laboratories, they are potentially 

readily available for vaccine screening programs worldwide.  
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4.1.3. Principle of mass spectrometry 

 

Mass spectrometry is an analytical technique that forms ions from atoms or molecules 

and measures their mass-to-charge ratio (m/z) using an instrument called a mass 

spectrometer (262). The instrument measures ions in gas phase and, unlike neutral 

atoms and molecules, ions can be accelerated, deflected, and decelerated in electric 

and magnetic fields (262,263). The process of MS sample analysis includes five basic 

components of a mass spectrometer, i.e. sample inlet, ionisation source, mass analyser, 

detector, and computer (262). A sample is introduced via an inlet system, and ions are 

formed in an ionisation source. The ions are then accelerated out of the ion source and 

guided to one or more mass analysers, which separate ions into the different m/z values 

present. Following separation, the ions hit the detector where their abundance is 

recorded, usually based on the amplification of the ion signal. The output is then 

digitised and transferred to a computer where the spectrum (plural spectra), which is a 

plot of ion abundance versus m/z, is displayed (262). 

Different ionisation sources are available for mass spectrometers and six are 

routinely used, i.e. electron ionisation (EI), chemical ionisation (CI), electrospray 

ionisation (ESI), atmospheric chemical ionisation (APCI), inductively coupled plasma 

ionisation (ICP), and MALDI (described in more detail in Appendix 2). Among them, ESI 

and MALDI are the most commonly used (264). The ionisation sources differ in the 

physical mechanism of ion formation and their suitability for different sample types 

(polarity, volatility, and other chemical and physical properties). In general, protonated 

([M+H]+) or deprotonated ([M-H]- or radical cations (M+●)/anions (M-●) are the most 

common charged ion species formed in mass spectrometers (262).  
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A mass analyser is a device that separates ions according to their m/z ratios, 

making it the heart of every mass spectrometer instrument (262). Different analysers use 

different ways to manipulate ions for their m/z to be measured (265). Mass analysers can 

be divided into two main classes: beam analysers (magnetic sector, quadrupole, time of 

flight (ToF)) and trapping analysis (ion trap, ion cyclotron resonance, Orbitrap) (262). 

Among them, four basic types of mass analysers are widely used: the ion trap, ToF, 

quadrupole, and Fourier transform ion cyclotron, as a stand-alone or put together in 

tandem to take advantage of each analyser (263). 

The detector generates an amplified signal, proportional to ion abundance, from 

ions that have been separated by the mass analyser (262) and displays it in a mass 

spectrum chart (266). There are different types of detectors, including Faraday cups 

(detect a current produced from ions captured by a metal surface), electron multipliers 

(generate an electron cascade that amplifies an electric current produced by the 

detected ions), and photomultipliers (produce a photon cascade from the detected ions) 

(262). The electron multiplier is the most common detection method used in MS (266). 

 

4.1.4. MALDI-ToF mass spectrometer 

 

MALDI is characterised by a photon-induced ionisation process that leads to energy and 

proton transfer via an intermediate crystalline matrix to yield desorbed ions (262). MALDI 

is considered a ‘soft’ ionisation process that tends to form singly charged ions, unlike 

other ‘hard’ ionisation techniques, such as is the case in EI, that can generate 

subsequent fragmentation of the radical cations. MALDI typically enable the analysis of 

non-volatile and thermally labile compounds via the formation of even electron, 

protonated or deprotonated molecules, such as ([M+H]+) and ([M-H]-. MALDI is more 
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tolerant of salts, buffers, and ionic contaminants (262). However, the excess of the 

matrix (1,000 times more than the sample) results in the domination of the low mass 

region by matrix ions (300-400 Da, known as the matrix noise), making it less useful for 

analysis of molecules below 500 Da.  

Time-of-flight mass analysers are popular due to their ability to deliver high-

resolution and accurate mass measurements reliably at a relatively low cost (262). In 

ToF, ions of various m/z are accelerated to the same energy and achieve m/z-dependent 

velocities and thus will require different flight times to traverse a set distance before 

being detected by the detector (267). The travel time is in the order of microseconds, 

making scanning times very rapid (262,267). 

 

In this chapter, I describe the development of methods to detect SF vaccines using 

the bioMérieux VITEK-MS instrument. In parallel, Rebecca Clarke and John Walsby-Tickle 

developed methods for the Bruker Biotyper Sirius in the Department of Chemistry, 

University of Oxford. These two instruments in particular were chosen as, between them, 

they are already available in most LMICs, in clinical laboratories for routine medical 

testing (261,268). The development and application of MALDI-ToF MS to distinguish 

genuine vaccines from a range of falsified vaccine surrogates is investigated by analysing 

MALDI spectral information from vaccine constituents as well as vaccine vial labels. 
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4.2. Materials and Methods 

 

4.2.1. MALDI-ToF method development 

 

4.2.1.1. Sample preparation 

 

Genuine vaccines (Table 4.1) and constituents that have been reported in falsified 

vaccines (Table 4.2) were purchased from the Oxford University Hospitals Pharmacy and 

used in the development of MALDI-ToF detection methods using a VITEK-MS instrument. 

 

Table 4.1. Genuine vaccines used in the development of MALDI-ToF methods to differentiate 

between genuine and fake vaccines 

Vaccine/falsified surrogate Target pathogen/disease Manufacturer 

Engerix B Hepatitis B virus GlaxoSmithKline, Brentford, UK 

Flucelvax Tetra Influenza virus strains1 Seqirus Ltd., Maidenhead, UK 

Ixiaro Japanese encephalitis virus Valneva Ltd., Fleet, UK 

Nimenrix Meningococcal disease2 Pfizer Ltd, Sandwich, UK 

1Sept/Oct 2021 to early 2022 season 

2Caused by Neisseria meningitidis groups A, C, W-135 and Y 

 

All samples were stored at 4°C prior to analysis in accordance with the 

manufacturers’ storage recommendations and were in date (according to the ‘use by’ 

date on the label) at the time of sample preparation and data acquisition.  
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Table 4.2. Falsified vaccine surrogates used for MALDI-ToF MS analysis.  

Vaccine surrogates Manufacturer Batch/part number Composition Remarks 
0.9% w/v sodium 
chloride injection 

Demo S.A Pharmaceutical 
Industry 

24598/0002 0.9% w/v NaCl in water for 
injection 

Surrogate for falsified 
COVID-19 vaccines 
intercepted in China and 
India (Mumbai) (74) 

5.0% w/v D-glucose B/Braun 03551/0059 D-glucose 5.0% w/v 
Glucose solution prepared 
in distilled water 

Surrogate for falsified 
COVID-19 vaccines 
intercepted in the 
Philippines (74) 
 

Amikacin, 250 mg/ml 
 

Hospira (used for the Sirius 
Biotyper) 
 

05015997122159 
 
 
 

250 mg/ml amikacin 
sulphate, sodium citrate, 
sodium metabisulphite and 
water for injection 
 

Surrogate for falsified 
COVID-19 vaccines 
intercepted in India (74,269) 

MA Holder Tillomed 
Laboratories Ltd. (used for 
the bioMérieux VITEK-MS) 

11311/0604 250 mg/ml amikacin 
sulphate, sodium 
metabisulfite, sodium 
citrate dihydrate, sulfuric 
acid and water for injection 
 

Gentamicin, 40 mg/ml Demo S.A. 05208063001339 40 mg/ml gentamicin 
sulphate, 1.60 mg/ml 
sodium metabisulfite, 
disodium edetate 
 

Surrogate for falsified non-
COVID vaccines intercepted 
in Indonesia (74) 
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Hyaluronic acid Guangzhou Ailian Cosmetic 
Co Ltd. 

QB/T 2660 Anti-wrinkle serum 
containing water, glycerine, 
propylene glycol, 
methylisothiazolinone, 
bis(hydroxmethyl) 
imidazolidinyl urea, 
iodopropynyl 
butylcarbamate, disodium 
EDTA, xanthan gum, sodium 
hyaluronate 
 

Surrogate for falsified 
COVID-19 vaccines 
intercepted in Poland 
(74,270) (the precise 
formulation and form of 
intercepted hyaluronic 
product is unknown, apart 
from it being reported to 
contain an anti-wrinkle 
formulation) 

Tap water Biochemistry/ 
Chemistry Research 
Laboratory, Oxford 
 

N/A Tap water Tap water from the building 
water facility 

Milli-Q water Merck Millipore N/A Water from a Milli-Q Direct 8 
water purification system 
 

Purified double-distilled 
water 

Water for injection Demo S.A Pharmaceutical 
Industry 

24598/001 Sterile water for the 
preparation of a medicine 
intended for injection or 
infusion 
 

Water for injection in plastic 
ampoules 

N/A, not applicable 
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In the degradation study, vaccine samples were exposed to five different 

temperature conditions: (i) vaccine was stored at 4°C (as the recommended 2-8°C 

storage condition, (ii) at RT (recorded as 20 ± 1 °C), (iii) in an incubator oven set at 37°C, 

(iv) in an incubator oven set at 45°C, and (v) vaccine was exposed to three freeze-thaw 

cycles of 24 hours freezing at -70°C and one hour thawing at 4°C per cycle. The exposure 

to different temperature conditions (4°C, RT, 37°C and 45°C) was performed for seven 

days. All samples were stored at 4°C after completing each incubation period. 

 

4.2.1.2. MALDI-ToF sample preparation 

 

Samples were spotted onto MS-DS target slides (bioMérieux, Basingstoke, UK) and 

prepared for analysis using manual spotting by mixing 1 μL of sample with 1 μL of matrix 

or with the help of an ASSIST PLUS pipetting robot equipped with an 8-channel 12.5 μL 

VOYAGER adjustable tip spacing pipette and 12.5 μL GripTip pipette tips (INTEGRA 

Biosciences, Zizers, Switzerland), for an automated spotting of matrix and samples onto 

the MALDI target plates, performed at the Department of Chemistry.  

The spotting involves a dual reservoir adaptor fitted with a 25 mL divided reservoir 

(INTEGRA Biosciences) that holds the prepared α-cyano-4-hydroxycinnamic acid 

(HCCA/CHCA) matrix (bioMérieux, Basingstoke, UK) in deck position A of the robot. 

Samples were pipetted manually into a 96-well plate (Sarstedt, Nümbrecht, Germany) 

and placed in deck position B and the MALDI target plates were placed into a custom-

built holder in position C. A pipetting programme was designed and uploaded to the 

VOYAGER pipette using the INTEGRA VIALAB software (version 2.1.1.0).  

For all sample preparations, the matrix and samples were mixed in a 1:1 v/v ratio, 

and four replicates of 2 μL spots of the mixture were pipetted onto the MALDI target 
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plates. The target plates were air-dried prior to MALDI-MS analysis.  Although a pipetting 

robot was used for the preparation of samples, it should be noted that this is not 

mandatory and was used for efficiency rather than necessity.  

 

4.2.1.3. MALDI-MS data acquisition 

 

Raw MS spectra were acquired using a bioMérieux VITEK-MS. Each sample spot on the 

MALDI target plate was measured over three overlapping m/z mass ranges: low mass (0-

900 m/z), mid mass (700-2,500 m/z) and high mass (2,000-20,000 m/z). Prior to sample 

analysis, the VITEK-MS instrument was calibrated with Bruker antibiotic calibration 

standard MBT Star-ACS, and Bruker bacterial test standard (both from Bruker, Coventry, 

UK). 

VITEK-MS data were acquired using the Shimadzu Biotech Launchpad software 

version 2.9.5.6 (Kratos Analytical, Manchester, UK). Parameters were as follows: laser 

power, 48; profiles, 100 per sample; shots, five accumulated per profile; maximum laser 

rep rate, 50.0. Pulsed extraction was optimised at 450 Da for m/z 0–900, 1,600 Da for m/z 

700–2,500 and 13,000 Da for m/z 2,000–20,000. The regular circle bioMérieux CHCA 

raster was used with a diameter of 2 mm, 180 µm spacing and 109 points per target. The 

‘Parent Data Export’ in the ‘Method Editor’ was set as mzXML for the raw data file. 

SARAMIS Target Manager was used to create a list of samples with corresponding spot 

locations that was exported to ‘Experiment Genie’ as a *.txt file. The *.txt file was opened 

in Microsoft Excel, and the acquisition sequence was randomised. In the auto 

experiment, the 4 × 48 Fleximass DS plate configuration was chosen, and the *.txt file 

was set as a standard file in ‘Import Experiment Genie’ before running the randomised 

acquisition sequence. 
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4.2.1.4. Data processing 

 

Manual inspection of the raw mass spectra was performed by uploading the data files 

into the Shimadzu Biotech Launchpad software (version 2.9.5.6) from the VITEK-MS 

instrument. Raw spectra in *.mzXML format were imported into R Studio and processed 

in R v4.1.3 using the MALDIquant (271), MALDIrppa, caret, lattice, factoextra, and 

dendextend packages. Baseline correction was performed using a “TopHat” algorithm, 

and intensity calibration was performed with probabilistic quotient normalisation (PQN). 

Spectral alignment was performed using a half window size, signal-to-noise ratio (SNR) 

and tolerance of 7, 1, and 0.2, respectively. A locally weighted scatterplot smoothing 

(LOWESS) warping method was used. Peak detection used the same SNR and half 

window size parameters as previously defined, and peak binning was used at a tolerance 

of 0.1. The resulting peak intensity matrices were exported as a *.csv file for further 

analysis. 

 

4.2.1.5. Statistical analysis and data visualisation 

 

Statistical analysis of the processed peak intensity matrices and visualisation of the data 

were performed using MetaboAnalyst (version 5.0, https://metaboanalyst.ca) online 

analysis (272). The resulting peak list from MALDIquant (Supplementary File, available 

on Oxford University Research Archive (ORA)) was then analysed using the ‘Statistical 

Analysis (one factor)’ module of the MetaboAnalyst online software. Experimental data 

were uploaded as peak intensities in ‘Samples in columns (unpaired)’ format. Data 

filtering was done using the interquartile range (IQR) statistical filter to identify and 

remove variables that are unlikely to be of use when modelling the data. The data were 
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normalised by ‘sum and pareto’ (mean-centred and divided by the square root of the 

standard deviation of each variable) scaling. Unsupervised principal component 

analysis (PCA) and supervised multivariate analysis, partial least squares-discriminant 

analysis (PLS-DA), were used to model the data. The PLS-DA cross-validation (CV) was 

performed using a 5-fold CV method and eight maximum components to search. The 

permutation testing uses the ‘separation distance method’ and 100 permutation 

numbers (246). Hierarchical dendrogram clustering was performed using Euclidean 

distance measure and Ward clustering algorithm methods. Two-way analysis of variance 

with Dunnett multiple comparisons test was performed in GraphPad Prism (GraphPad 

Software, Boston, MA, USA; version 9.4.1). Statistical analysis figures and graphical 

representations were created using both MetaboAnalyst and GraphPad Prism. 

 

4.2.2. MALDI-ToF analysis of COVISHIELD COVID-19 vaccine 

 

The developed MALDI-ToF protocol (section 4.2.1 above) was then used to distinguish 

between the genuine COVISHIELD COVID-19 vaccine and surrogates of falsified 

vaccines. The non-invasive analysis of vaccine vial labels without opening the vial and 

analyses of vaccine excipients were performed. 

 

4.2.2.1. COVISHIELD COVID-19 vaccine samples 

 

Vaccine samples were shipped in a temperature-controlled container and stored at 4°C 

upon arrival (within the 2-8°C manufacturer’s recommended storage condition) and kept 

on ice prior to spotting onto the MALDI plate. All samples were analysed within their date 

of expiry.  
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Table 4.3. COVISHIELD vaccine samples from two factory sites in India, used in this study. 

Batches 1 – 5 were from the Hadapsar factory, while batch 6 was from the Manjari factory 

Batch group Batch number Number of vials 

Batch 1 4122Z001 20 

Batch 2 4122Z002 5 

Batch 3 4122Z003 5 

Batch 4 4122Z004 5 

Batch 5 4122Z005 5 

Batch 6 4121MC180 5 

 

A total of 45 vials of genuine COVISHIELD COVID-19 vaccine samples from Serum 

Institute of India were received for the study. The vials came from five production batches 

at the Hadapsar factory (Batch 1-5) and the Manjari factory (Batch 6), both located in 

Pune, Maharashtra, India (Table 4.3). Three vials per batch were used for batch-to-batch 

analysis by MALDI-ToF MS with four technical replicates (a total of 12 replicates per 

batch). COVISHIELD vaccine contains the excipients L-histidine, L-histidine 

hydrochloride monohydrate, magnesium chloride hexahydrate, polysorbate 80, ethanol, 

sucrose, sodium chloride, and disodium edetate dihydrate (EDTA) (273). 

 

4.2.2.2. Analysis  of excipients made up in water 

 

For the comparative vaccine excipient measurements, the following solutions were 

used: L-histidine in water (<15 mM; Sigma-Aldrich) and polysorbate 80 in water (<1% w/v 

Tween 80; Sigma-Aldrich). Commercially available polysorbate 80 from two different 

online markets (www.thesoapery.co.uk, referred to as ‘manufacturer A’, and 

www.cosmeticsmadeeasy.com, referred to as ‘manufacturer B’) were also prepared at 
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the same <1% w/v concentration. Although not necessarily identical, these were in the 

same concentrations as those used in the authentic vaccines. 

 

4.2.2.3. Surrogates of falsified vaccines 

 

Falsified vaccine samples seized in supply chains were not accessible and not included 

in this study. Hence, to assess the capability of the techniques tested to detect falsified 

COVID-19 vaccine products, surrogates for potential and intercepted falsified products 

were used (Table 4.2). Falsified vaccine constituents were identified from reports 

available in the public domain, both in the scientific and lay literature (74). 

 

4.2.2.4. MALDI-ToF MS processing of vaccine samples 

 

MALDI-ToF sample preparation (section 4.2.1.3 above) was performed in three biological 

replicates (N=3) with four technical replicates for each N. All samples used were within 

their expiry dates at the time of the experimental work. The mass ranges analysed were 

low mass (0-900 m/z), mid mass (700-2,500 m/z) and high mass (2,000-20,000 m/z) 

ranges. 

 

4.2.2.5. Degraded COVISHIELD samples 

 

To study the effect of temperature on the stability of the COVISHIELD vaccine, the 

following temperature conditions were investigated: vaccine vials stored at 4°C, vials 

stored for seven days at RT (recorded as 20 ± 1°C) and at elevated temperature 

conditions of 37°C, 45°C; and exposed to 100°C (boiled), respectively. In addition, some 
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vials were exposed to three freeze-thaw cycles. The boiled vials were placed inside a 

beaker of boiling water on a 100°C hot plate for 10 minutes. All samples were stored at 

4°C after undergoing the above temperature conditions. 

 

4.2.3. Vaccine vial label analysis 

 

A small piece of the vaccine vial label (approximately 2 × 2 mm) was cut, in duplicate, 

from different batches of the COVISHIELD vaccine vials (N=3, with four technical 

replicates for each N). Self-adhesive office stationery labels (Avery, Raunds, UK; N=2, 

with four technical replicates for each N) were used for comparison. Each piece of the 

label was then thoroughly vortex-mixed in 10 μL of CHCA matrix to help dissolve the 

adhesive into solution and then incubated for 10 minutes at RT. A volume of two μL of the 

extract was spotted in quadruplicate onto a MALDI plate and run to generate MS spectra 

at 0-900 m/z, 700-2,500 m/z, and 2,000-20,000 m/z mass ranges. 

 

4.2.4. Data analysis 

 

Raw spectra were visually analysed and plotted using Shimadzu LaunchPad software. 

VITEK-MS raw data files were also acquired in *.mzXML format for analysis using 

MetaboAnalyst. Spectra (four spectra from four technical replicates for each N) were 

analysed using a workflow that combined MALDI-ToF with MALDIquant and 

MetaboAnalyst analyses described above (section 4.2.1.4 and 4.2.1.5) (246).  
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4.2.5. PLS-DA external validation and confusion matrices 

 

For each significant PLS-DA model generated, external validation was performed by 

randomly selecting 10% of the data to use as an external test set. Confusion matrices 

were produced as previously described elsewhere (274).  

In brief, PLS-DA models were generated using either the entire data set or 90% of 

each class randomly selected as a training set, which was then used to predict both the 

training and test sets. The accuracy of the PLS-DA predictions relative to the true 

classification of each sample is then summarised in confusion matrices using R code 

generated in-house (275) and the ropls (276) package. 

 

4.3. Results 

 

4.3.1. Analysis of vaccines and surrogates of falsified constituents by 

MALDI-ToF-MS 

 
Four different authentic commercially available vaccines (Table 4.1) and eight falsified 

surrogates previously reported in falsified vaccine products (Table 4.2) were used for 

MALDI-ToF analysis, and spectra were acquired over three different overlapping m/z 

ranges: 0–900; 700–2,500, and 2,000–20,000.  
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Figure 4.1. Representative VITEK-MS mass spectra for Engerix B vaccine (blue font) at 0-900 m/z 

compared to CHCA matrix and eight surrogates of falsified vaccine samples 

 

Representative spectra for Engerix B and eight falsified constituent samples at 0-

900 m/z mass ranges are shown in Figure 4.1. Visible peaks in the low mass range 

included CHCA matrix peaks (that were common to all samples and could be identified 

from matrix blanks), as well as analyte peaks related to the individual samples. Through 

the presence, absence and relative intensity ratios of peaks in the spectra, the genuine 

vaccine can be distinguished from the falsified constituents by manual inspection of the 

spectra. 

Representative spectra for Ixiaro, Nimenrix, and Flucelvax, compared to the 

falsified constituent samples, are depicted in Figures 4.2, 4.3, and 4.4, respectively. 

Given the rich spectral data obtained in the 0-900 m/z range, where vaccine-specific 

excipients were found, we decided to focus on this m/z range for further analyses. Non-

matrix peaks that were unique to either individual vaccines or falsified constituents were 

identified by manual inspection. 
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Figure 4.2. Representative VITEK-MS mass spectra for Ixiaro vaccine (blue font) at 0-900 m/z 

compared to CHCA matrix and eight surrogates of falsified vaccine samples 

 

 

Figure 4.3. Representative VITEK-MS mass spectra for Nimenrix vaccine (blue font) at 0-900 m/z 

compared to CHCA matrix and eight surrogates of falsified vaccine samples 

 

 

Figure 4.4. Representative VITEK-MS mass spectra for Flucelvax vaccine (blue font) at 0-900 m/z 

compared to CHCA matrix and eight surrogates of falsified vaccine samples 
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4.3.2. Analysis of MALDI-ToF spectra using multivariate analysis can 

differentiate between genuine vaccines and surrogates of falsified 

products 

 

The hierarchical clustering reveals that each of the authentic vaccines and surrogate 

sample replicates were clustered together (Figure 4.5), except for water for injection and 

Milli-Q water, which grouped together. This result shows that the analysis workflow could 

differentiate between authentic and falsified vaccines.  

To statistically model how well the data could distinguish the different sample 

groups, I compared each authentic vaccine with all the falsified vaccine samples using 

PLS-DA, commonly used in untargeted data modelling (277). To demonstrate that the 

PLS-DA models were reliable and not overfitting the datasets, CV, permutation testing 

and a modified external validation (confusion matrix) for each model were performed. 

The PLS-DA multivariate analysis could distinguish between authentic vaccines and 

surrogates of falsified constituents (Figure 4.6). Vaccine samples could be readily 

distinguished from the surrogates (Figure 4.6 A), with some overlap between Ixiaro and 

Nimenrix vaccines. The reliability test showed that the model was not overfitting (Figure 

4.6 B-D). PLS-DA modelling demonstrates that the MALDI MS workflow was able to 

reliably tell apart each genuine vaccine from all the falsified constituents. 
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Figure 4.5. Multivariate statistical analysis and hierarchical clustering (Euclidean distance 

measure and a Ward clustering algorithm) of samples based on the analysis of MALDI-ToF 

spectra. Four authentic vaccines (black font) and eight surrogates of falsified vaccine samples 

(red font) show the clustering of each sample group into a single clade, except for water for 

injection and Milli-Q water. 
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Figure 4.6. PLS-DA of peak list generated by the VITEK MS instrument from four genuine vaccines and eight falsified vaccine constituents. A. PLS-DA score plot 

shows sample group clustering, B. The cross-validation result shows a minimum of 8 components (mass spectral peaks) are required to differentiate the 

experimental groups for the best Q2 value (shown by *), C. Permutation testing shows the model is significant with a p-value of <0.01, D. R2, Q2, and accuracy 

values for the cross-validation
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4.3.3. Confusion matrices of genuine vaccines versus surrogates of 

falsified products 

 

External validation of genuine vaccines and surrogate spectra datasets was performed 

by generating tabulated values and presenting them as confusion matrices. The models 

were first created using the training set (90% of the data), and then the classifications 

were confirmed using the test set (an external test set, 10% of the data) which had not 

been seen by the model previously). The ‘all data’ matrices were then generated (Table 

4.4 – 4.7).  

Similar results were obtained when comparing the genuine vaccines with all 

falsified vaccine surrogates. Confusion matrices show that the authentic vaccines were 

identified correctly. Taken together, the PLS-DA modelling demonstrates that the MALDI-

ToF MS analysis workflow was able to reliably tell apart each genuine vaccine from all 

falsified constituents tested in this study. 

 

4.3.4. Inter- and intra-batch analyses of a COVID-19 vaccine 

 

The inter- and intra-batch analyses were performed on genuine COVISHIELD vaccine 

vials. Using the generated peak list, PCA score plots of the first two most significant 

principal components showed no differences between batches (Figure 4.7 A) and 

between vials with the same batch number (Figure 4.7 B). These can be observed by the 

overlapping 95% confidence regions, shown as coloured elliptic areas.  
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Table 4.4. Confusion matrix of Engerix B vaccine (blue font) and surrogates of falsified vaccine using the ‘all-data’ dataset from spectra generated using MALDI-

ToF mass spectrometry (N=12) 

Vaccine and 

surrogates 
Amikacin Engerix B Gentamicin Glucose 

Hyaluronic 

Acid 

Milli-Q 

water 

NaCl 

(0.9%) 

Tap 

water 

Water for 

injection 

Amikacin 12 0 0 0 0 0 0 0 0 

Engerix B 0 12 0 0 0 0 0 0 0 

Gentamicin 0 0 12 0 0 0 0 0 0 

Glucose 0 0 0 12 0 0 0 0 0 

Hyaluronic Acid 0 0 0 0 12 0 0 0 0 

Milli-Q water 0 0 0 0 0 12 0 0 0 

NaCl (0.9%) 0 5 0 0 0 0 7 0 0 

Tap water 0 0 0 0 0 0 0 12 0 

Water for injection 0 0 0 0 0 8 0 1 3 
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Table 4.5. Confusion matrix of Flucelvax vaccine (blue font) using the ‘all-data’ dataset from spectra generated using MALDI-ToF mass spectrometry (N=12) 

Vaccine and 

surrogates 
Amikacin Flucelvax Gentamicin Glucose 

Hyaluronic 

Acid 

Milli-Q 

water 

NaCl 

(0.9%) 

Tap 

water 

Water for 

injection 

Amikacin 12 0 0 0 0 0 0 0 0 

Flucelvax 0 12 0 0 0 0 0 0 0 

Gentamicin 0 0 12 0 0 0 0 0 0 

Glucose 0 0 0 12 0 0 0 0 0 

Hyaluronic Acid 0 0 0 0 12 0 0 0 0 

Milli-Q water 0 0 0 0 0 12 0 0 0 

NaCl (0.9%) 0 0 0 0 0 0 12 0 0 

Tap water 0 0 0 0 0 0 0 12 0 

Water for injection 0 1 0 0 0 8 0 0 3 
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Table 4.6. Confusion matrix of Nimenrix vaccine (blue font) and surrogates of falsified vaccine using the ‘all-data’ dataset from spectra generated using MALDI-

ToF mass spectrometry (N=12) 

Vaccine and 

surrogates 
Amikacin Gentamicin Glucose 

Hyaluronic 

Acid 

Milli-Q 

water 

NaCl 

(0.9%) 
Nimenrix 

Tap 

water 

Water for 

injection 

Amikacin 12 0 0 0 0 0 0 0 0 

Gentamicin 0 12 0 0 0 0 0 0 0 

Glucose 0 0 12 0 0 0 0 0 0 

Hyaluronic Acid 0 0 0 12 0 0 0 0 0 

Milli-Q water 0 0 0 0 12 0 0 0 0 

NaCl (0.9%) 0 0 0 0 0 12 0 0 0 

Nimenrix 0 0 0 0 0 0 12 0 0 

Tap water 0 0 0 0 0 0 0 12 0 

Water for injection 0 0 0 0 8 0 0 1 3 
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Table 4.7. Confusion matrix of Ixiaro vaccine (blue font) and surrogates of falsified vaccine using the ‘all-data’ dataset from spectra generated using MALDI-ToF 

mass spectrometry (N=12) 

Vaccine and 

surrogates 
Amikacin Gentamicin Glucose 

Hyaluronic 

Acid 
Ixiaro 

Milli-Q 

water 

NaCl 

(0.9%) 

Tap 

water 

Water for 

injection 

Amikacin 12 0 0 0 0 0 0 0 0 

Gentamicin 0 12 0 0 0 0 0 0 0 

Glucose 0 0 12 0 0 0 0 0 0 

Hyaluronic Acid 0 0 0 12 0 0 0 0 0 

Ixiaro 0 0 0 0 12 0 0 0 0 

Milli-Q water 0 0 0 0 0 12 0 0 0 

NaCl (0.9%) 0 0 0 0 0 0 12 0 0 

Tap water 0 0 0 0 0 0 0 12 0 

Water for injection 0 0 0 0 0 8 0 0 4 
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Figure 4.7. PCA analyses of the MALDI-ToF MS spectra generated from COVISHIELD COVID-19 

vaccine batches. PCA score plots were generated for A. Six different batch numbers of 

COVISHIELD vaccine (inter-batch analysis, N=3 for each batch number, with four technical 

replicates for each N, generating a total of 12 spectra replicates); and B. Six vaccine vials of the 

same batch number 4122Z001 (intra-batch analysis, N=3, each vial has four technical replicates) 

 

4.3.5. Detection of vaccine excipient masses using MALDI-ToF MS 
 

In an attempt to identify COVISHIELD vaccine constituents using MALDI-ToF MS, visual 

inspection of the spectra at 0-900 m/z revealed the presence of a peak at 156 m/z which 

corresponded to the nominal mass for the excipient L-histidine (molecular weight 

155.15 g/mol) in a protonated form ([M+H]+) that was not detected in the matrix spectra 

(Figure 4.8 A). L-histidine was made up in water as a standard and analysed by MALDI-

ToF MS. As expected, a peak at 156 m/z was observed, which aligned with the 156 m/z 

peak in the COVISHIELD vaccine.  
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Figure 4.8. Identification of COVISHIELD COVID-19 vaccine constituents at 0-900 m/z using 

VITEK-MS. A. The presence of L-histidine was marked by a peak at 156 m/z, while a low mass peak 

of polysorbate 80 was detected at 309 m/z, B. The COVISHIELD spectra from three different vials 

of vaccine batch 4122Z001 are shown and compared to polysorbate 80  and matrix spectra.  

 

The spectra for the excipient polysorbate 80, which was made up in water as a 

standard, showed a unique peak at 309 m/z (Figure 4.8 B) and as a series of evenly 

spaced peaks in the mid-mass range 700-2,500 m/z (Figure 4.9 B) and in the high mass 

range 2,000-20,000 m/z (Figure 4.10) that were not observed in the spectra of the 

surrogates but were seen in the genuine COVISHIELD vaccine. In the high mass range, 

most of these evenly spaced peaks for polysorbate 80 in COVISHIELD were seen from 

2,000 to 4,000 m/z (Figure 4.11). 
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Figure 4.9. VITEK-MS spectra for COVISHIELD vaccine and eight falsified vaccine surrogates. 

Spectra were generated at A. 0-900 m/z and B. 700-2500 m/z mass ranges. 

 

4.3.6. Differentiation of genuine COVISHIELD COVID-19 vaccine and 

surrogates of falsified vaccines 

 

MALDI-ToF MS was used to differentiate between the genuine COVISHIELD vaccine and 

surrogates of falsified vaccines. Different spectral peaks could be visually observed in 

the low 0-900 (Figure 4.9 A) and mid 700-2,500 m/z (Figure 4.9 B) mass ranges when 

comparing the spectra of the genuine vaccine alongside eight surrogates. COVISHIELD 

vaccine could be readily distinguished from other surrogates of falsified products at the 
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2,000-4,000 m/z mass range (Figure 4.10), as well as at the 2,000-20,000 m/z mass range 

that is routinely used in microbial identification (Figure 4.11).  

The spectral profile of polysorbate 80 was reproducible among the six batches of 

COVISHIELD vaccine (Figure 4.12 A). However, the peaks for polysorbate 80 from other 

manufacturers (Figure 4.12 B) were different and could be well separated by PCA 

analysis (Figure 4.12 C).  

The PCA score plots showed a distinct separation of the COVISHIELD vaccine from 

all falsified vaccine surrogates (Figure 4.13 A), without any overlap in the 95% confidence 

regions. This was supported by the PLS-DA results with additional CV and permutation 

tests (Figure 4.13 C-E), which demonstrated perfect separation of all groups. To confirm 

the robustness of the PLS-DA model and investigate its potential to identify vaccine 

surrogates from previously unseen data, external validation was applied by splitting the 

data into training (90%) and test (10%) sets. This model was able to distinguish between 

COVISHIELD vaccine and all falsified vaccine surrogates with 100% accuracy in both the 

training and the external validation test sets with a 90/10 split (Table 4.9). 

Amikacin has been used as a falsified COVISHIELD COVID-19 vaccine intercepted 

in India during the pandemic (74). When analysing only COVISHIELD and amikacin, the 

PCA score plots could differentiate between them (Figure 4.13 B). This was also 

supported by the PLS-DA score plot with good CV (high accuracy, R2, and Q2 scores) and 

significant permutation test (p < 0.01) results (Figure 4.13 C-E) and perfect accuracy of 

external validation confusion matrices (Table 4.8). Dendrogram analysis revealed the 

clustering of COVISHIELD samples into a monophyletic group (Figure 4.14). Other 

surrogates also clustered into separate groups in the dendrogram, except for the Milli-Q 

water and water for injection, since both are purified water and, as expected, had similar 

spectra (Figure 4.14). 
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Figure 4.10. MALDI-ToF MS spectra for COVISHIELD vaccine and eight falsified vaccine 

surrogates at mid-mass range 2,000-4,000 m/z 

 

 

 

Figure 4.11. MALDI-ToF MS spectra for COVISHIELD vaccine and eight falsified vaccine 

surrogates at high mass range 2,000-20,000 m/z (shown up to 14,000 m/z) 
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Figure 4.12. MALDI-ToF MS spectra (500-2,500 m/z) comparison between the COVISHIELD 

vaccine and commercially available polysorbate 80 samples. A. Spectra of six different batches 

of COVISHIELD vaccine and commercial research grade polysorbate 80 (Sigma-Aldrich). B. 

Spectra comparison between COVISHIELD and polysorbate 80 from three different 

manufacturers. C. PCA score plot showing the distinct grouping of COVISHIELD and polysorbate 

80 from three different manufacturers. Samples were run with four technical replicates for each, 

and only two representative spectra are shown. 
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Figure 4.13. Multivariate analyses of the MALDI-ToF MS spectra generated from genuine COVISHIELD COVID-19 vaccine samples and eight surrogates of 

falsified vaccines. PCA score plots were generated from analysis of peak list data over the 0-900 m/z mass range  (N = 3 with four technical replicates for each 

N) for A. COVISHIELD vaccine as compared to eight common falsified vaccine constituents and B. COVISHIELD compared to amikacin only, along with C. 

PLS-DA score plots, D. PLS-DA cross-validation results, and E. PLS-DA permutation analysis. The elliptical area reflects a region within the 95% confidence 

interval of the measurement.  
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Table 4.8. External validation and confusion matrix analysis results for PLS-DA data from Figure 4.13 comparing COVISHIELD (blue font) with surrogates of 
falsified vaccines using a 90/10 split of training/test parameters 

Full dataset 
 0.9% NaCl 5% Glucose Amikacin COVISHIELD Gentamicin Hyaluronic Acid MilliQ Water Tap Water Water for injection 

0.9% NaCl 12 0 0 0 0 0 0 0 0 

5% Glucose 0 12 0 0 0 0 0 0 0 

Amikacin 0 0 12 0 0 0 0 0 0 

COVISHIELD 0 0 0 12 0 0 0 0 0 

Gentamicin 0 0 0 0 12 0 0 0 0 

Hyaluronic Acid 0 0 0 0 0 12 0 0 0 

MilliQ Water 0 0 0 0 0 0 12 0 0 

Tap Water 0 0 0 0 0 0 0 12 0 

Water for injection 0 0 0 0 0 0 8 0 4 
 

Test set 
 0.9% NaCl 5% Glucose Amikacin COVISHIELD Gentamicin Hyaluronic Acid MilliQ Water Tap Water Water for injection 

0.9% NaCl 2 0 0 0 0 0 0 0 0 

5% Glucose 0 2 0 0 0 0 0 0 0 

Amikacin 0 0 2 0 0 0 0 0 0 

COVISHIELD 0 0 0 2 0 0 0 0 0 

Gentamicin 0 0 0 0 2 0 0 0 0 

Hyaluronic Acid 0 0 0 0 0 2 0 0 0 

MilliQ Water 0 0 0 0 0 0 2 0 0 

Tap Water 0 0 0 0 0 0 0 2 0 

Water for injection 0 0 0 0 0 0 0 0 2 
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Training set 

 0.9% NaCl 5% Glucose Amikacin COVISHIELD Gentamicin Hyaluronic Acid MilliQ Water Tap Water Water for injection 

0.9% NaCl 10 0 0 0 0 0 0 0 0 

5% Glucose 0 10 0 0 0 0 0 0 0 

Amikacin 0 0 10 0 0 0 0 0 0 

COVISHIELD 0 0 0 10 0 0 0 0 0 

Gentamicin 0 0 0 0 10 0 0 0 0 

Hyaluronic Acid 0 0 0 0 0 10 0 0 0 

MilliQ Water 0 0 0 0 0 0 10 0 0 

Tap Water 0 0 0 0 0 0 0 10 0 

Water for injection 0 0 0 0 0 0 0 0 10 
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Figure 4.14. Dendrogram analysis of the MALDI-ToF MS spectra at 0-900 m/z for COVISHIELD vaccine 

compared to eight surrogates of falsified vaccine constituents (N = 3, with four technical replicates 

for each N). 
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4.3.7. Effect of altered temperature on the spectra 

 

To explore vaccine degradation, vaccine samples were exposed to different temperature 

conditions, followed by comparison using MALDI-ToF analysis. Multivariate analysis of 

vaccine spectra showed no difference between degradation conditions, as depicted by the 

plotting of samples with overlapping 95% confidence regions of PCA (Figure 4.15 A). Further, 

PLS-DA resulted in a non-significant model (Figure 4.15 B) with low CV scores (Figure 4.15 

C) and a non-significant permutation test (Figure 4.15 D). The high R2 of this model shows 

signs of overfitting. No significant differences were observed when analysing spectra from 

the mid-mass (700-2,500 m/z) and high-mass (2,000-20,000 m/z) ranges (Figure 4.16). 

 

Figure 4.15. MALDI-ToF MS analysis at 0-900 m/z comparing COVISHIELD vaccine vials exposed to 

freeze-thaw cycles and different temperature conditions (three vials run (N=3, with four technical 

replicates for each N). A. PCA score plot, B. PLS-DA score plot, C. PLS-DA cross-validation results, 

and D. PLS-DA permutation analysis 
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Figure 4.16. VITEK-MS PCA score plot analysis results comparing COVISHIELD vaccine vials exposed 

to freeze-thaw cycles and different temperature conditions (N=8). Score plots were generated from 

spectra data at A. 700-2,500 m/z and B. 2,000-20,000 m/z 

 

4.3.8. Analysis of vaccine vial labels 

 

For proof-of-concept, I investigated whether MALDI-ToF MS analysis could also be used to 

identify differences in the chemical composition between vaccine vial label extracts from 

genuine COVISHIELD labels and an office stationery label (Figure 4.17). The spectra for 

genuine COVISHIELD labels were found to be remarkably different from that of the office 

stationery label, and differences could easily be identified simply by visualising the spectra 

(Figure 4.17 A) and without needing to perform any statistical analysis of the spectral data. 

In addition, PCA (Figure 4.17 B) and PLS-DA (Figure 4.17 C) score plots of the genuine and 

stationery label spectra showed clear separation with no overlap of the 95% confidence 

regions and significant CV and permutation results (Figure 4.17 D-E). This was confirmed by 

external validation, which demonstrated that the PLS-DA model was able to distinguish 

between vaccine labels with 100% accuracy in the training and test sets using a 90/10 split 
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(Table 4.9). When comparing peaks derived from genuine COVISHIELD labels and the office 

stationery label, t-test statistical analysis revealed a total number of 395 significant 

(p<0.05) peaks with the peak at 534 m/z as the variable of importance in projection with the 

highest score based on PLS-DA analysis, shown as the base peak for the office stationery 

label (Figure 4.17 A). PCA could further distinguish between labels used in different batches 

of COVISHIELD vials produced in Hadapsar and Manjari factories, although some 

overlapping of the 95% confidence regions were observed (Figure 4.18 A). In addition, this 

was supported by a robust PLS-DA model, shown by high accuracy, R2, and Q2 scores and 

a significant permutation test (Figure 4.18 B-D) with perfect accuracy of the model on the 

training and test data sets using a 90/10 split (Table 4.10). 

 

Table 4.9. External validation and confusion matrix analysis results for PLS-DA data from Figure 4.17 

comparing genuine COVISHIELD vaccine vial label, office stationery label, and matrix using a 90/10 

split of training/test parameters 

 

Full dataset 

 COVISHIELD Matrix Office 
label 

COVISHIELD 48 0 0 

Matrix 0 8 0 

Office label 0 0 8 

Test set 
 COVISHIELD Matrix Office label 

COVISHIELD 5 0 0 

Matrix 0 1 0 

Office label 0 0 1 

Training set 

 COVISHIELD Matrix Office 
label 

COVISHIELD 43 0 0 

Matrix 0 7 0 

Office label 0 0 7 
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Figure 4.17. MALDI-ToF MS analysis of labels over the 0-900 m/z mass range comparing COVISHIELD label extracts from six batches (N=2), an office stationery 

label (N=2), and the CHCA matrix as a background control (N=2), with four technical replicates for each N. A. The 0-900 m/z representative spectra of label 

extracts and matrix, B. multi-variate analysis PCA score plot, C. PLS-DA score plot, D. PLS-DA cross-validation results, and E. PLS-DA permutation analysis 
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Figure 4.18. MALDI-ToF MS analysis over the 0-900 m/z mass range of COVISHIELD vial label extracts from six different batches (N=2, with four technical 

replicates) manufactured in Hadapsar and Manjari factories (Table 4.3). A. PCA score plot, B. PLS-DA score plot, C. PLS-DA cross-validation results, D. PLS-DA 

permutation analysis, and E. The 0-900 m/z representative spectra of label extracts from Hadapsar (five different batches) and Manjari (one batch), compared 

to the matrix 
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Table 4.10. External validation and confusion matrix analysis results for PLS-DA data from Figure 

4.18 comparing vaccine vial labels from two different sites of vaccine manufacture using a 90/10 

split of training/test parameters 

 

Full dataset 

 Hadapsar Manjari 

Hadapsar 40 0 

Manjari 0 8 

Test set 
 Hadapsar Manjari 

Hadapsar 4 0 

Manjari 0 1 
 
Training set 

 Hadapsar Manjari 

Hadapsar 36 0 

Manjari 0 7 
 

4.4. Discussion 

 

Mass spectrometry has emerged as an important platform for molecular-level profiling, 

providing high sensitivity and high selectivity for the analysis of molecular composition in 

complex samples (262). Machine learning and additional statistical approaches are also 

used to classify samples and identify biomarkers (278–280). MALDI-ToF MS has been used 

in proteomics and more recently in MS imaging and molecular profiling applications such 

as metabolomics and small molecule pharmaceutical analysis (281–283). The principle 

behind the identification of microorganisms with MALDI “Biotyping” instruments is the 

comparison of the mass spectrum of an unknown organism against a library of reference 

mass spectra (284). For example, they are used in high-throughput microorganism 

identification where pathogenic bacteria and their antimicrobial resistance features can be 

rapidly identified at low cost (282). The speed and effectiveness of this approach have led 
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to worldwide deployment of MALDI-ToF MS instruments, mainly Bruker MALDI Biotyper 

Sirius and bioMérieux VITEK MS systems, in clinical laboratories for routine medical testing 

(261,268). This provides an attractive, low-cost MS platform with a global infrastructure that 

could also be used for coordinated vaccine authenticity testing. 

A challenge in using MALDI-ToF MS is its potential variability in the mass spectral peak 

intensities. The MALDI-ToF method used in this study has been rigorously tested for 

analytical, experimental and vaccine vial reproducibility and demonstrated that post-

acquisition data processing was effective at minimising these effects (246). Using the 

MALDIquant R package, the spectra data from all samples were analysed using a workflow 

that performs baseline correction, peak intensity normalisation and peak identification to 

reduce experimental and analytical variability in the dataset, and ultimately aligns peaks 

and compares their intensities between samples (246).   

PLS-DA modelling is a supervised dimensionality reduction method that builds 

models based on input variables and identifies which of these variables maximises the 

separation between the groups. In MALDI-ToF MS analysis, PLS-DA provided proof of 

principle that an unbiased, machine learning approach was effective in falsification 

detection (246), as shown in Figure 4.6, where four genuine vaccines could be differentiated 

from surrogates of falsified products. 

The MALDI-ToF MS methods are also useful in the QC process of vaccine production. 

MALDI-ToF MS of vaccines from vials of the same batch (intra-batch), different batches 

(inter-batch), and different manufacturing sites showed similar spectra with the same 

relative intensities among excipient peaks. Furthermore, the PCA analysis yielded no 

significant differences in both intra- and inter-batch analyses (Figure 4.7), reflecting the 

standard manufacturing quality implemented in both factories. MALDI-ToF and PCA 
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analysis could distinguish COVISHIELD vaccine from the falsified vaccine surrogates 

(Figures 4.9 – 4.11 and 4.13), which strongly suggests that they could be used to detect 

falsified vaccines in risk-based post-market surveillance. In addition, the dendrogram 

classification grouped COVISHIELD samples into a monophyletic group separated from 

other surrogates (Figure 4.14). According to an online news website, falsified COVISHIELD 

vaccines were found in a vaccination camp in Kolkata, India, where amikacin was used 

along with fake labels (269). Using the MALDI-ToF approach, amikacin could be readily 

differentiated from the genuine COVISHIELD vaccine (Figure 4.13 B).  

MALDI-ToF MS can also be utilised to establish a molecular profile for a vaccine 

(246,260). Vaccine constituents such as polysorbate 80 (with evenly spaced peaks mainly 

between 500-2,500 m/z) and L-histidine (at 156 m/z corresponding to histidine [M + H]+) are 

known to be observed by positive ionisation mass spectrometry (285,286), and their 

presence was confirmed in the COVISHIELD vaccine. Peaks corresponding to histidine 

(Figure 4.5) and polysorbate 80 (Figure 4.8 B) are therefore possible markers of the 

COVISHIELD vaccine. The 309 m/z peak, unique to the authentic COVISHIELD vaccine, 

could be the ions of C18:1 oleic acid ester of polysorbate as previously reported (287).  

Polysorbate 80 consists of a population of ethoxylated structures with different 

masses seen in MALDI-ToF MS as evenly distributed peaks due to its random polymerisation 

process. The peaks are spaced apart in the spectra by 44 Da, equal to one ethylene oxide 

(C2H4O; 44.05 g/mol). These evenly spaced peaks were observed predominantly between 

500-2,500 m/z (Figure 4.12 A). I analysed polysorbate 80 from a chemical manufacturer 

(Sigma) as well as two online stores, since criminals are likely to order excipients from 

publicly available sources. The peak intensity of distribution was found to differ when 

analysing polysorbate 80 from different manufacturers (Figure 4.12 B), suggesting that the 
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distribution of polysorbate 80 peaks in the COVISHIELD vaccine could act as an internal 

marker for authenticity and falsified vaccines manufactured by criminals. Polysorbate 80 

stocks (either online or via a chemical supplier) could be detected due to their 

characteristic peak profiles (Figure 4.12). 

While this study has focused on COVISHIELD vaccine, a very large number of 

medicines contain polysorbates, and these could also be used as an internal marker for 

authenticity in these cases. For example, anti-COVID-19 (Paxlovid; nirmatrelvir-ritonavir) 

(288), anti-malarial (Riamet; artemether-lumefantrine) (289), and cholesterol-lowering 

(Lipitor; atorvastatin) (290) drugs all contain polysorbate 80 and all have been falsified; fake 

atorvastatin caused the largest recall of counterfeit medicines in the United States. My 

methods can also be applied to drugs containing other polysorbates, such as polysorbate 

20 and potentially could be used for other polymers commonly used as excipients in 

vaccines, such as PEGylated lipids (e.g. polyethylene glycol 2000 dimyristoyl glycerol in 

Spikevax, Moderna) or Triton X surfactants (e.g. octoxinol-9 in Quadrivalent Influenza 

vaccine, Sanofi). 

As expected, MALDI-ToF MS could not detect the most dominant excipient sucrose, 

since it is not usually observed using positive ionisation mass spectrometry. Also, as 

expected, ethanol in the vaccine was not detected since it evaporated off the MALDI target. 

Both sucrose and ethanol are excipients that had previously been detected using SORS by 

scanning unopened COVISHIELD vaccine vials (258). However, SORS did not detect 

polysorbate 80 or L-histidine, highlighting the complementarity of the two techniques. 

Analysis of vaccine vial labels is proven to be useful for authentication. Unique peaks 

were observed for the vial labels, which could be used as indicators of the genuine vaccine. 

Falsified COVISHIELD vaccine and vial labels have been identified in Uganda, India and 
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Myanmar (256). Since labels on the COVISHIELD vials have been falsified, I compared the 

extracts of a self-adhesive office label with those of genuine COVISHIELD labels. MALDI-

ToF MS analysis of labels with their adhesives showed distinct spectral profiles (Figure 4.16 

A). PCA and PLS-DA score plots showed distinct clustered groups for the genuine labels, 

the office stationery label, and the matrix background (Figures 4.16 B and C). Different score 

plots were observed between the two manufacturing sites (Figure 4.17), inferring the 

possibility of either slightly different label materials/adhesives between factories or that the 

same materials/adhesives were used, but MALDI-ToF MS is sensitive enough to detect a 

different batch of label material or adhesive. I have also analysed the label extracts of other 

COVID-19 vaccines (data not shown due to non-disclosure agreements in place), which 

showed unique spectra, different to the genuine COVISHIELD label, indicating that vaccine 

labels from different vaccine manufacturers have their own mass spectral fingerprints 

which could be used to non-invasively check authenticity. The criminal reuse of genuine 

vials filled with non-vaccine liquids would not be detected. However, these results illustrate 

a promising additional non-invasive method to detect falsification of vaccines, and the 

approach could be applied to analyse the labels or packaging of all medicines as well as 

other items. In this study, MALDI-ToF MS was capable of detecting even differences in the 

batches of adhesive used between the Manjari and Hadapsar sites (Figure 4.17). While it is 

required for vaccine manufacturers to disclose the list of excipients in vaccines, details for 

the label are proprietary information, making it almost impossible for criminals to 

reproduce a label with identical MALDI-ToF MS spectra without knowing the label material, 

label manufacturer and the exact composition (formulation) of the adhesive. Furthermore, 

they would need to know the precise concentration of ingredients used in the specific 

adhesive batch they are attempting to copy, since the technique was sensitive enough to 
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differentiate between adhesive batches (Figure 4.17). Many vaccine manufacturers also 

have security features on vaccine labels, which are usually difficult to replicate, but the 

unique MALDI-ToF spectra of the label extracts (molecular fingerprints) add a considerably 

higher level of security that cannot be replicated by falsifiers. 

Crucially, thousands of these MS instruments are widely available (261,291) in 

hospital microbiology laboratories globally, for bacterial identification, and therefore 

provide a potential accessible analytical network for local vaccine analysis. Although the 

MALDI-ToF instruments used in hospitals are of low resolution in comparison to other mass 

spectrometers, they were capable of differentiating genuine vaccines from all falsified 

vaccine surrogates and genuine labels from an office stationery label, as reported in this 

chapter.  

A limitation of some MALDI-ToF instruments in hospitals is that only the 2,000-20,000 

m/z range is routinely used in microbial identification. Although this is a limited range, it 

does cover the mass range for the polysorbate 80 observed in this study (Figure 4.11). Peaks 

such as histidine at 156 m/z and polysorbate 80 at 309 m/z (Figure 4.8) would not be 

observed if only the routinely used mass range of 2,000-20,000 m/z is used. However, many 

MALDI-ToF mass spectrometers in hospitals are already capable of analysing a wide mass 

range (0-500 kDa), covering these peaks, and all other instruments currently set to analyse 

the 2,000-20,000 m/z can be upgraded to analyse the wider mass range. 

The benefit of MALDI analysis for vaccine authentication is two-fold: first, the method 

involves globally distributed MALDI technology, already deployed in a health context, 

making it potentially feasible to develop a global vaccine screening system. Second, using 

open-source machine learning with the full MALDI mass spectrum would make it very 

difficult, if not impossible, to falsify vaccine surrogates that could pass through such a filter 
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effectively. Careful assessment of how best to deploy the approach in a real-world setting 

is required and may be context-dependent. One approach could be in combination with 

hand-held spectroscopic devices (e.g. SORS, as described in Mosca S, et al., 2023 (258)) 

deployed for rapid ‘on-site’ analysis. Suspicious samples could then be sent for 

confirmatory analysis by MALDI-MS, potentially at a regional centre where MALDI-MS is 

already established for clinical testing applications. 

In conclusion, I have developed methods that combine the VITEK MALDI-ToF 

processing of samples and data analysis of the generated spectra using multivariate 

analyses. The methods could be improved in the future, with the generation of a spectral 

data library of genuine vaccines and excipients that can be accessed freely. This is one way 

to automate matching and scoring multiple spectral peaks identified in experimental 

samples with a database containing multiple discriminatory m/z features previously 

collected and validated (246). This approach is analogous to that routinely used for 

bacterial strain identification by MALDI-MS in clinical laboratories worldwide. 
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5 
A simple, rapid, low-cost method for 

detecting sucrose-containing vaccines 

exposed to elevated temperature 

 

Vaccines are one of the most important contributions of biomedicine to global health. 

The global distribution of vaccines has prevented diseases and saved lives. The estimate 

that one in ten medical products are reported to be either substandard or falsified is 

worrying (71). Novel methods and tools are needed to detect these SF products and 

remove them from the supply chain. In general, it is easier to detect falsified products 

due to their chemical composition, which often differs grossly from the genuine product. 

On the other hand, since substandard products are originally authorised medical 

products, they typically resemble the genuine product, making them harder to detect.  

Temperature is a dominant environmental factor contributing to the creation of 

‘out of specification’ vaccines (292). It must be maintained within the prescribed limits 

to ensure vaccine stability and avoid degradation. Nevertheless, testing for degradation 

caused by elevated storage temperature is not routinely done due to the lack of tools to 

identify heat exposure, especially in countries with intemperate climates.  
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5.1.  Introduction 

 

The surge of SF vaccines, coupled with the unavailability of methods or tools for their 

detection in supply chains, has been a significant problem in recent times (74). 

Substandard products are genuine and authorised but fail to meet either their quality 

standards or specifications, or both (71). SF medical products have become significant 

health threats and potentially lead to higher rates of illness and death, as well as eroding 

public trust in the form of hesitancy, as they are of poor quality, unsafe and ineffective 

(73). When it affects antimicrobial drugs, SF products contribute to antimicrobial 

resistance and drug-resistant infections (293,294). 

The WHO estimated that over half of vaccines are wasted globally each year due 

to temperature control failures, logistics challenges, and shipment-related issues (295). 

Environmental factors, such as temperature and light, should be examined in vaccine 

stability studies (292), with heat exposure being the greatest problem since light 

exposure can be more easily avoided by the packaging of vaccine vials and syringes. The 

cold chain system is a crucial aspect of protecting vaccines from deterioration, as 

improper temperature storage could affect vaccine stability and cause harmful effects 

of reduced efficacy and changes in the safety profile (296–298). Maintaining the cold 

chain is deemed expensive and contributes substantially to the total projected vaccine 

and distribution costs (299), with the pharmaceutical cold chain logistics market size of 

US$ 18.61 billion in 2024 and expected to reach $ 27.11 billion by 2033 (300). Successful 

formulation strategies are needed to generate stable and efficacious dosage forms; 

these include efforts to stabilise the antigen, selection of adjuvants, and development 

of methods to analytically detect vaccine stability (301). 
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Potency assays for vaccines and medical products rely on biological assays in the 

form of animal immunogenicity tests in vivo or cell-based or antibody-binding-based 

assays in vitro (302). However, these assays are complex, expensive and time-

consuming, with the need for specialist laboratory instruments and trained personnel. 

To date, there is a lack of simple and low-cost methods to detect substandard heat-

exposed vaccines that could be deployed in the supply chain.  

Sugars, such as sucrose and lactose, are common ingredients in FDA-approved 

vaccines where they are used as stabilisers from natural sources (303,304), due to their 

antigen-stabilising and immunogenicity-maintaining properties (305–307). When 

sucrose is heated, it breaks down into glucose and fructose.  

 

In this chapter, I investigated novel, simple, and sensitive methods to detect heat-

exposed sucrose-containing vaccines based on the detection of the glucose formed as 

a product of degraded sucrose molecules. The approaches include simple, low-cost, 

and sensitive glucose assays based on bioluminescent and colorimetric assays and a 

clinical biochemical analyser for urine samples. The methods may be expanded to 

detect degradation in lactose-containing vaccines, as lactose breaks down into glucose 

and galactose when heated. Nevertheless, the methods are not intended to replace the 

standard vaccine potency assay. Ultimately, linking the results of this study to the 

outcome of the potency assays using the same samples has helped in understanding at 

what point a heat-exposed vaccine loses efficacy and is deemed ineffective.  
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5.2. Materials and Methods 

 

5.2.1. Experimental settings 

 

Different techniques were used to measure glucose concentrations in the vaccines 

exposed to different temperature conditions for seven days. After establishing which 

vaccines gave rise to measurable glucose levels upon heat treatment after a week, I 

looked at the sucrose degradation kinetics at 10 different time points over 7 days under 

the two temperature conditions (37°C and 45°C) that produced significant glucose 

changes in the previous tests, to determine when sucrose degradation could be first 

detected by the techniques under evaluation. For one human adenovirus type 5 (HAdV-

5)-based vaccine, a potency assay was conducted in parallel to look at the correlation 

between glucose levels and potency loss due to heat exposure.  

 

5.2.2. Vaccine samples 

 

Five non-COVID-19 vaccines and two COVID-19 vaccines were used in this study (Table 

5.1). Non-COVID-19 vaccines were purchased from the Oxford University Hospitals 

Pharmacy. The COVISHIELD and COMIRNATY (30 µg for adults and 10 µg for children) 

COVID-19 vaccines were received from the Serum Institute of India, Pvt. Ltd. and NHS 

England, respectively. COVID-19 vaccines were immediately stored in a refrigerator at 2-

8°C when received and used within one month of receipt, according to the 

manufacturer’s recommended use when the frozen vaccine is thawed and stored at 2-

8°C. Vials and syringes were kept on wet ice when vaccines were used for tests. 



 
 

135 
 

Table 5.1. Sucrose-containing vaccines used in the study. Data were retrieved from the Electronic Medicine Compendium (EMC), available at 

https://www.medicines.org.uk/emc and other sources in the public domain. 

Vaccine trade 

name 

Description and 

usage 
Manufacturer 

Pharmaceutical 

form 
Excipients including sucrose concentration in bold 

Rotarix Live attenuated 

rotavirus vaccine 

GlaxoSmithKline (GSK) Oral suspension in a 

squeezable tube, 

clear and colourless, 

viscous liquid 

Sucrose (715 mg/mL), disodium adipate,  Dulbecco's 

Modified Eagle Medium/DMEM (containing 

phenylalanine, sodium, glucose, and other substances), 

sterile water 

Nimenrix Meningococcal 

groups A, C, W-135 

and Y conjugate 

vaccine 

Pfizer Powder and solvent 

for solution for 

injection in a pre-

filled syringe 

Powder: 
Sucrose (56 mg/ml after reconstitution), trometamol 
Solvent: 
Sodium chloride, water for injections 

Rabipur Rabies vaccine 

(inactivated, strain 

Flury LEP) 

Bavarian Nordic A/S Powder and solvent 

for solution for 

injection in a pre-

filled syringe 

Powder: 
Trometamol, sodium chloride, disodium edetate, 
potassium-L-glutamate, polygeline, sucrose (60 mg/mL 
after reconstitutiona) 
Solvent: 
Water for injections 

Bexsero Meningococcal 

group-B vaccine 

(rDNA, component, 

adsorbed) 

GSK Suspension for 

injection in a pre-

filled syringe 

Sodium chloride, histidine, sucrose (20 mg/mL), water for 

injections, aluminium hydroxide (hydrated)  
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TicoVac Junior Tick-Borne 

Encephalitis vaccine 

(whole virus, 

inactivated) 

Pfizer Suspension for 

injection in a pre-

filled syringe 

Human albumin, sodium chloride, disodium phosphate-

dihydrate, potassium dihydrogen phosphate, water for 

Injections, sucrose (expected to be ≤30 mg/mL as for 

TicoVac adult dose), aluminium hydroxide, hydrated.  

COVISHIELD COVID-19 vaccine; 

Recombinant, 

replication-deficient 

chimpanzee 

adenovirus vector 

encoding the SARS-

CoV-2 S glycoprotein 

Serum Institute of 

India 

Solution for injection, 

colourless to slightly 

brown, clear to 

slightly opaque and 

particle-free, with a 

pH of 6.6 

L-Histidine, L-Histidine hydrochloride monohydrate, 

magnesium chloride hexahydrate, polysorbate 80, 

ethanol, sodium chloride, disodium edetate dihydrate 

(EDTA), sucrose (75 mg/mL)b 

COMIRNATY COVID-19 vaccine; 

mRNA vaccine 

(nucleoside 

modified): 10 

micrograms per dose 

(children 5 to 11 

years) and 30 

micrograms per dose 

(ages 12 years and 

older) 

Pfizer Concentrate for 

dispersion for 

injection 

((4-hydroxybutyl)azanediyl)bis(hexane-6,1-diyl)bis(2-

hexyldecanoate) (ALC-0315); 2-[(polyethylene glycol)-

2000]-N,N-ditetradecylacetamide (ALC-0159); 1,2-

Distearoyl-sn-glycero-3-phosphocholine (DSPC); 

cholesterol, trometamol; trometamol hydrochloride; 

water for injections; sucrose (20 mg/mL (308)) 

aData obtained from https://www.medsafe.govt.nz/profs/datasheet/r/rabipurinj.pdf; bData from https://www.seruminstitute.com/health_faq_covishield.php 
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A HAdV-5-based KC5 vaccine was generated by single-round infection with a m.o.i 

of 1 in a hyperflask containing approximately 1 × 108 human embryonic kidney HEK 293 

cells. Cells were harvested 48 hours post-infection and pelleted at 200 × g for 30 

minutes. Cell pellets were lysed in Cell Lysis Buffer (10 mM Tris, 135 mM sodium 

chloride, 1 mM magnesium chloride, all from Sigma) and freeze/thawed three times.  

The cell lysate was treated with 250 Units/mL of Benzonase after the first thaw 

and incubated for 30 minutes at RT. The viral vector was then purified by double caesium 

chloride ultracentrifugation and dialysed three times in Formulation Buffer A438 (10 mM 

histidine, 7.5% sucrose, 35 mM sodium chloride, 1 mM magnesium chloride, 0.1% 

polysorbate 80, 0.1 mM ethylenediaminetetraacetic acid, 0.5% v/v ethanol, pH 6.6; all 

from Sigma) (309). 

 

5.2.3. Substandard vaccine samples 

 

In order to study how temperature affects the stability of vaccines leading to the 

generation of substandard samples, vaccine samples were exposed to five different 

temperature conditions: they were (i) stored at 4°C (as the recommended 2-8°C storage 

condition, (ii)  stored at RT (recorded as 20 ± 1°C) for seven days, (iii) stored in an 

incubator oven set at 37°C for seven days, (iv)  stored in an incubator oven set at 45°C for 

seven days, and (v) exposed to three freeze-thaw cycles of 24 hours freezing at -70°C and 

1 hour thawing at 4°C per cycle. In a case of vaccines which had a separate vial 

containing lyophilised powder and a syringe filled with the solvent (Nimenrix and 

Rabipur), both the vial and syringe were exposed to the five conditions without prior 

mixing/reconstitution to resemble a real-life situation of how the vaccine could be 

exposed to altered temperature in the supply chain. The lyophilised vaccines were 
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reconstituted with their solvent just prior to analysis. All samples were stored at 4°C 

immediately after completing the incubation conditions. 

A degradation test on HAdV-5 KC5 was performed by incubating glass vials 

containing 350 µL of the vaccine at RT (recorded as 20° ± 2°C), 4°C, 37°C and 45°C for 7 

days. Vials were also exposed to the same freeze-thaw cycles as described above or 

stored at -80°C (as a reference control). All samples were stored at 4°C immediately after 

completing the incubation conditions. Each condition was tested in triplicate and tested 

using both the colorimetric and potency assays. 

 

5.2.4. Bioluminescent-based glucose assay 

 

The concentration of glucose, as a product of sucrose hydrolysis, was measured using 

the Glucose-Glo Assay (Promega, Madison, WI, USA) according to the manufacturer’s 

protocol. Principally, glucose in the sample will be oxidised by glucose dehydrogenase 

concomitant with the reduction of NAD+ to NADH. In the presence of NADH, the 

reductase enzyme catalyses the reduction of pro-luciferin to luciferin that generates 

light in an intensity that is proportional to the amount of glucose in the sample (Glucose-

Glo Assay technical manual, version 3/17, Promega).  

A volume of 50 μL of sample or glucose standard was transferred to the designated 

well of a white-bottom 96-well plate (Corning, NY, USA). The reagent buffer was included 

as a negative control (buffer only) to determine the assay background. Following sample 

addition, 50 μL of Glucose Detection Reagent (a mix of luciferin detection solution, 

reductase, reductase substrate, glucose dehydrogenase, and NAD) was added and the 

plate was shaken for 60 seconds. The reaction was then incubated for 60 minutes at RT. 

Luminescence was read using a plate-reading luminometer (Clariostar, BMG Labtech, 
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Germany). The concentration of glucose was interpolated into the glucose standard 

curve which is generated using a 4-parameter logistic statistic.  

 

5.2.5. Sucrose in water exposed to an elevated temperature 

 

Sucrose was made up in water at the following concentrations: 20, 87, 200, 350, 540 and 

715 mg/ml. An aliquot of each sucrose sample was stored at 4°C while another aliquot 

was incubated at 45°C. These aliquots were 5 ml in volume and stored in the dark at 

various temperatures for 7 days. All samples were stored at 4°C immediately after 

completing the incubation period. Glucose levels were measured in each sample in 

duplicate using the bioluminescent glucose assay. 

 

5.2.6. Time course for sucrose degradation after heat exposure 

 

To evaluate the kinetics of vaccine degradation at increased temperatures, vaccine 

samples were distributed as 120 µL aliquots in microcentrifuge tubes and grouped into 

two incubation conditions (37 and 45°C). The tubes in each group were exposed to 37 

and 45°C for 3, 6, 12, 24 (1 day), 48 (2 days), 72 (3 days), 96 (4 days), 120 (5 days), 144 (6 

days), and 168 (7 days) hours. The tubes were stored at 4°C immediately after 

completing their respective incubation period. Aliquots of vaccines were also prepared 

in the same manner as the 2-8°C controls and stored at 4°C. Following the incubation 

period, 50 µL of vaccine sample from each aliquot was assayed, in duplicate, for its 

glucose content using the glucose assay mentioned above.   
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5.2.7. Colorimetric-based glucose assay 

 

The glucose concentration in vaccine samples was measured using the Glucose Assay 

Kit (Colorimetric) (Cell Biolabs, San Diego, CA, USA), according to the manufacturer’s 

protocol. The assay measures the amount of total glucose present in the sample in a 96-

well microtiter plate format. Glucose is oxidized by glucose oxidase into D-gluconic acid 

and hydrogen peroxide. The hydrogen peroxide generated is detected with a highly 

specific colorimetric probe in a reaction catalysed by horseradish peroxidase (HRP).   

A reaction mix consisting of the colorimetric probe, HRP, and glucose oxidase was 

prepared in 1x assay buffer.  A mixture of 50 μL of glucose standard or sample and 50 μL 

of reaction mix was prepared in triplicate in a clear flat bottom 96-well microtiter plate 

(Corning). The mixture was mixed well and incubated for 30 minutes at 37°C, protected 

from light. The plate was read with a microplate reader (Clariostar) at 540 nm or 

documented visually using a mobile phone camera (type Oppo Reno 6, Oppo, 

Guangdong, People's Republic of China). The readouts were blanked to the assay buffer 

(0 µM), and Milli-Q water (Merck Millipore) was used as a negative control. The known 

concentrations of glucose are used to generate a standard curve that is used to calculate 

the amount of glucose in the sample tested using the 4-parameter logistic statistical 

model within the BMG MARS Data Analysis Software (BMG Labtech).  

 

5.2.8. Potency determination for heat-exposed vaccines 

 

Vaccine potency was determined by infectivity assay and expressed as infectious units 

per mL (Ifu/mL). Briefly, HEK-293 cells were seeded in 96-well plates at 5.8 × 104 
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cells/well and subsequently infected with serial dilutions of vaccine test samples. At 48 

hours post-infection, cells were fixed with methanol, blocked with 1% w/v BSA, and 

stained with a mouse monoclonal anti-Hexon antibody (Abcam B025/AD51). Following 

the incubation with the secondary antibody, HRP-conjugated rabbit polyclonal anti-

mouse IgG-H&L (Abcam ab6728), positive cells were visualised with DAB staining and 

enumerated using NyOne (Synentec). The term “potency” in the potency assay is defined 

as the number of virus infectious units still detectable using the immunostaining assay 

after exposure to different temperature conditions. 

 

5.2.9.  Vaccine analysis using an automated biochemical analyser 

 

The Abbott Architect c16000 analyser (Abbott Laboratories, Maidenhead, UK) was used 

to analyse the heat-exposed vaccine samples. The degraded Bexsero, COMIRNATY, and 

COVISHIELD vaccine samples (after seven days of exposure to temperature-altered 

conditions), along with their correctly stored controls, were measured with eight 

separate runs on the instrument. The method optimised for urine specimens was used, 

and the following eight analytes were measured: calcium, chloride, glucose, 

magnesium, phosphate, potassium, protein and sodium.  

 

5.2.10.  Statistical analysis 

 

Ordinary one-way ANOVA with Dunnett’s multiple comparisons test was used to 

compare glucose levels between vaccine samples stored at the recommended 2-8°C 

and the other temperature-altered conditions. Statistical analysis was performed using 
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GraphPad Prism v.10.1.2 (GraphPad Software, Boston, MA, USA). The p-value of p <0.05 

is considered statistically significant. 

 

5.3. Results 

 

5.3.1. Glucose levels in sucrose-containing vaccines after seven days of 

exposure to temperature-altered conditions 

 

Using a bioluminescent assay, the level of glucose was measured at a single seven-day 

time point and compared to vaccines stored at the manufacturer-recommended 

temperature of 2-8°C for the same time. Among the seven vaccines tested, four vaccines 

(Bexsero, COMIRNATY, COVISHIELD, and Nimenrix) showed an increase in glucose 

concentration after exposure to elevated temperatures of 37 and 45°C (Figure 5.1 A-D). 

A smaller increase was observed for Nimenrix, which was nevertheless significant at 

both 37°C and 45°C. The increase was recorded at 4.5-, 9.6-, 2.8-, and 1.1-fold in 

Bexsero, COMIRNATY, COVISHIELD, and Nimenrix, respectively, after seven days of 

incubation at 37°C compared to the properly stored samples. The increase was 

considerably higher after incubation at 45°C for seven days with a 9.2-, 27.6-, 6.3, and 

1.2-fold change in Bexsero, COMIRNATY, COVISHIELD, and Nimenrix, respectively (Table 

5.2). However, this increase in glucose levels after heat exposure was not observed for 

Rabipur, Rotarix, and Ticovac (Figure 5.1 E-G). Exposure to three freeze-thaw cycles and 

RT conditions after seven days did not result in significant changes in glucose levels in 

any of the vaccines tested. 
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Table 5.2. The concentration of glucose in samples and its fold-change increase after seven days 

of exposure to elevated temperatures 

Vaccine 
Glucose concentration* (μM) Fold-change 

2-8°C 37°C 45°C 37 vs 2-8°C 45 vs 2-8°C 

Bexsero 5.63 25.49 51.59 4.5 9.2 

COMIRNATY 2.34 22.13 64.08 9.6 27.6 

COVISHIELD 26.21 73.46 164.85 2.8 6.3 

Nimenrix 0.43 0.47 0.51 1.1 1.2 

*Mean concentration, N=2 

 

 

Figure 5.1. Glucose levels of seven sucrose-containing vaccines after exposure to different 

conditions for seven days (coloured bars) compared to the recommended 2-8°C (black bar) 

storage conditions, measured using a bioluminescent assay. Error bars show the standard 

deviations from two measurements for each temperature point. 3× FT, three freeze-thaw cycles, 

RT, room temperature. Ordinary one-way ANOVA with Dunnett’s multiple comparisons test. ns, 

not significant; *p<0.05; **p<0.01; ***p<0.005; ****p<0.001 
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5.3.2. Using a bioluminescent glucose assay to monitor the thermal 

degradation of sucrose over time 

 

 

Figure 5.2. The kinetics of sucrose degradation measured as the increase in glucose levels after 

thermal degradation over seven days. The vaccines Bexsero (A), COVISHIELD (B), and 

COMIRNATY (C) exposed to 37°C (blue line) and 45°C (red line) conditions are compared to the 

recommended storage temperature of 2-8°C (green line). Error bars show the standard deviations 

from two measurements for each time point. Ordinary two-way ANOVA with Tukey’s multiple 

comparisons test. ns, not significant; **p<0.01; ***p<0.005; ****p<0.001 

 

After establishing which vaccines gave rise to measurable glucose levels upon heat 

treatment after a week, the kinetics of glucose generation were then measured for 

Bexsero, COMIRNATY, and COVISHIELD vaccines over a seven-day time course to 

determine when sucrose degradation could be first detected by the bioluminescent 

glucose assay. Thermal degradation of sucrose in all three vaccines was evident by 

increasing levels of glucose when exposed to 37 and 45°C, with a significant increase in 
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glucose levels detected after 12 hours (Figure 5.2), with COVISHIELD showing a 

significant increase already after 3 hours (Figure 5.2 C).  

 

5.3.3. Using a colorimetric glucose assay to detect glucose levels in 

sucrose-containing vaccines 

 

 

Figure 5.3. Glucose levels of COMIRNATY vaccines with two different amounts of active 

pharmaceutical ingredients after exposure to degradation conditions, measured using the 

colorimetric glucose assay. The increase in glucose levels can be visually observed (A) and 

monitored using the spectrophotometer at 540 nm, comparing the absorbance units to those of 

known glucose standards (B). The level of glucose in samples kept under degrading conditions 

was compared to that in samples kept at the recommended 2-8°C. Error bars show the standard 

deviations from three measurements for each temperature point. 3× FT, three freeze-thaw cycles; 

RT, room temperature. Ordinary one-way ANOVA with Dunnett’s multiple comparisons test. ns, 

not significant; ****p<0.001 

 

A simpler colorimetric glucose assay was used to determine the glucose levels in 

COMIRNATY vaccines with two different amounts of active pharmaceutical ingredients 

(API) present (Figure 5.3, Table 5.1). The development of colour intensity along with the 

increasing levels of glucose could be readily observed visually (Figure 3A). The assay 
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could significantly detect thermal degradation in vaccine vials exposed to elevated 

temperatures of 37°C and 45°C (Figure 5.3 B). Similar characteristics of glucose level 

changes were observed in both vaccines that contained either 10 or 30 micrograms of 

API, showing that the same amount of sucrose was used in the formulation of both 

vaccines.  

 

5.3.4. Sucrose in water degradation 

 

Sucrose in water samples showed low levels of glucose (below 10 μM) with a slight 

increase in glucose levels observed with the increasing sucrose concentration, after 

seven days of storage at 4°C (Figure 5.4, white bars). On the other hand, high glucose 

levels were observed for sucrose in water samples stored at 45°C (Figure 5.4, black 

bars).  

 

Figure 5.4. Sucrose samples were made up in water at various concentrations from 20 to 715 

mg/ml and stored at both 4°C and 45°C for 7 days. Glucose concentrations were then measured 

using the bioluminescence assay. Error bars show the standard deviations from two 

measurements. 
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5.3.5. Correlation of potency with glucose for heat-exposed vaccines 

 

To assess whether glucose levels correlate with vaccine potency, a HAdV-5-based KC5 

vaccine formulated in a buffer containing 7.5% sucrose was exposed to various 

temperature-altered conditions.  Storage at 4°C, RT, or exposure to three freeze-thaw 

cycles had no impact on adenoviral potency compared to the reference sample stored 

at -80°C (Figure 5.5 A). Conversely, the detected glucose levels showed no variation 

compared to the reference sample. Exposure of samples to higher temperatures (37°C 

and 45°C) resulted in reduced levels of potency, with a 2-log decrease for the 37°C 

incubation and a 3-log reduction for the 45°C storage. Glucose levels from those 

samples were elevated, between 5- and 11-fold (Figure 5.5 A). Furthermore, the 

correlation analysis confirmed that degradation-mediated glucose levels correlated 

significantly with vector infectivity, confirming that glucose levels generated are a good 

predictor for vaccine potency (Figure 5.5 B).  

 

 

Figure 5.5. Assessment of the impact of degradation conditions on the potency of the HAdV-5 

vaccine, indicated by virus infectivity, and the corresponding glucose levels measured. A. 

Correlation between vaccine potency and glucose levels, B. Pearson correlation of potency and 

glucose levels
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Table 5.3. Concentrations of eight analytes measured in vaccine samples using a biochemical analyser after exposure to different altered temperature 

conditions. Values in bold indicate if the analytes could be detected and quantified showing their mean concentrations (± standard deviation) of eight 

measurements. All other values with the less than symbol (<) were below the limit of quantitation and the lower limit of quantitation is shown  

aCalculation based on six measurements due to the limited sample; 3× FT, three cycles of freeze-thaw; RT, room temperature (20 ± 1°C).

Condition Calcium (mM) Chloride (mM) Glucose (mM) Magnesium (mM) Phosphate (mM) Potassium (mM) Protein (mg/L) Sodium (mM) 
BEXSERO 

4°C < 0.50 110.92 ± 1.09 < 0.06 < 0.74 < 1.50 2.52 ± 0.04 < 68 107.30 ± 1.25 
3× FT < 0.50 110.10 ± 0.81 < 0.06 < 0.74 < 1.50 2.52 ± 0.04 < 68 106.93 ± 0.73 

RT < 0.50 110.17 ± 0.82 < 0.06 < 0.74 < 1.50 2.52 ± 0.04 < 68 106.73 ± 0.92 
37°C < 0.50 110.70 ± 0.95 < 0.06 < 0.74 < 1.50 2.52 ± 0.04 < 68 107.18 ± 0.94 
45°C < 0.50 110.95 ± 1.01 < 0.06 < 0.74 < 1.50 2.57 ± 0.07 < 68 107.68 ± 1.21 

COMIRNATY 
4 °C < 0.50 < 20.0 < 0.06 < 0.74 < 1.50 < 1.0 184.88 ± 13.41 < 20.0 

3× FT < 0.50 < 20.0 < 0.06 < 0.74 < 1.50 < 1.0 170.63 ± 7.19 < 20.0 
RT < 0.50 < 20.0 < 0.06 < 0.74 < 1.50 < 1.0 186.63 ± 5.24 < 20.0 

37°C < 0.50 < 20.0 < 0.06 < 0.74 < 1.50 < 1.0 190.88 ± 9.91 < 20.0 
45°C < 0.50 < 20.0 < 0.06 < 0.74 < 1.50 < 1.0 194.50 ± 10.24 < 20.0 

COVISHIELD 
4°C < 0.50 39.26 ± 0.26 < 0.06 1.04 ± 0.02 < 1.50 < 1.0 < 68 34.84 ± 0.67 

3× FT < 0.50 39.25 ± 0.29 < 0.06 1.04 ± 0.04 < 1.50 < 1.0 < 68 34.89 ± 1.12 
RT < 0.50 39.28 ± 0.24 < 0.06 1.03 ± 0.03 < 1.50 < 1.0 < 68 35.31 ± 1.39 

37°C < 0.50 39.44 ± 0.27 0.06 ± 0.01 1.04 ± 0.01 < 1.50 < 1.0 < 68 35.21 ± 1.21 
45°C < 0.50 39.33 ± 0.26 0.14 ± 0.01 1.03 ± 0.03 < 1.50 < 1.0 < 68 35.18 ± 0.65 
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5.3.6. Analysis of vaccine excipients using an automated urine analyser 

 

An automated urine analyser, widely available in diagnostic laboratories worldwide, 

could be repurposed to detect specific vaccine excipients and may be a potential means 

to distinguish a genuine vaccine from a falsified one. The urine analyser could detect the 

presence of sodium chloride and potassium excipients in Bexsero (Table 5.3). 

Magnesium was detected in COVISHIELD vaccine samples. The instrument could detect 

glucose only in COVISHIELD samples exposed to 37°C and 45°C temperatures. 

However, the instrument could not detect low levels of glucose with an LOD of 60 μM. 

 

5.4. Discussion 

 

Vaccine stability has always been an important factor in vaccine formulation 

development. Some forms of vaccine need a reliable cold-chain system and are more 

vulnerable to potency loss during storage and distribution due to increasing temperature 

(301). Vaccine potency becomes a critical quality determinant that is also a regulatory 

requirement for release on the market and further clinical use (310). However, the 

determination of vaccine potency is complex and requires specialised assays and 

instruments, and a good potency assay should reflect the structural integrity of the 

antigen (296,310–313).  

There is a need for a faster and easier-to-use method that could be employed as 

an initial indicator for a potentially substandard vaccine, in particular, if it is caused by 

exposure to elevated temperature with loss of the cold chain, as one of the more 

common occurrences encountered by vaccines in supply chains. A potency assay will 
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be specific for each vaccine formulation from each vaccine manufacturer. In addition, it 

is too cumbersome to perform potency testing at all levels of the supply chain, including 

distributors and end users.   

Sugars have been used as stabilisers in vaccine formulations. For example, 

sucrose is a commonly used stabilising agent in vaccine formulations and is effective in 

stabilising the API component (305–307). In addition, sucrose was also reported to 

maintain immunogenicity in vivo for viruses stored for 10 days at 37°C in an adenovirus-

based vaccine (307). An increased stability for either HAdV-5 or other viruses at higher 

sucrose concentrations has been reported. Pelliccia et al. showed that sucrose was also 

able to protect both a double-stranded DNA virus as well as an RNA virus (307). 

The results from this study demonstrate that glucose levels as a product of 

sucrose degradation could be used as a predictor of vaccine exposure to an elevated 

temperature. My data indicate that measuring glucose levels for such monitoring 

purposes could be applied to sucrose-containing vaccines in liquid 

suspension/dispersion form. A significant increase in glucose levels after seven days of 

exposure to elevated temperatures of 37°C and 45°C was detected (Figure 5.1 A-D). No 

significant change in glucose levels was observed when vaccines were exposed to 

freeze-thaw cycles and stored at RT for seven days (Figure 5.1 A-G). An increase in 

glucose levels was not observed in vaccines supplied in lyophilised form (Rabipur) or as 

a viscous liquid formulation (Rotarix) or with the addition of other excipients in the 

formulation (Ticovac) (Figure 5.1 E-G).  

Lyophilised formulations have been routinely used in vaccine development and 

reported to increase stability at the higher temperature of 37°C for an extended time of 

up to one month (311). This suggests that sucrose degradation requires the presence of 
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an aqueous environment. At the temperature of 25°C or 298.15 K, sucrose hydrolysis has 

an enthalpy of -15.0 ± 0.071 kJ/mol, meaning that sucrose will spontaneously undergo 

hydrolysis to glucose and fructose in water at RT, and this will occur more rapidly at 

higher temperatures (314). Rotarix is formulated as a viscous liquid with the presence of 

a thickening agent, disodium adipate, that functions as a buffer to prevent gastric low pH 

inactivation after oral delivery (315). Ticovac contains excipient human serum albumin 

that functions as a sheer protection and thermal stability enhancer, but also as an 

inhibitor of fever-inducing cytokines (316). The presence of these additional excipients 

in a vaccine formulation may also protect sucrose from thermal degradation due to the 

substitution of water with more viscous materials. 

Levels of glucose were measured in sucrose samples made up in water and stored 

at both 4°C and 45°C (Figure 5.4). Sucrose was made up at various concentrations from 

20 to 715 mg/ml, reflecting the sucrose concentrations commonly used in vaccines, e.g. 

Bexsero (20 mg/ml), Spikevax (87 mg/ml), RotaTeq (540 mg/ml) and Rotarix (715 mg/ml). 

The sucrose solutions stored at 4°C contained very low levels of glucose (below 10 µM). 

However, for all solutions stored at 45°C, there was a large increase in glucose levels of 

around 100-fold (Figure 5.4), unlike the vaccine data with relatively small increases in 

glucose (Figure 5.1). This indicates that all concentrations of sucrose commonly used in 

vaccines could potentially show an increase in glucose with heat exposure. However, a 

relatively lower increase in glucose of 1.2 to 27.6-fold (Table 5.2, Figure 5.1 A-D) or no 

significant increase at all (Figure 5.1 E-G) was observed in the tested vaccines. The 

sucrose solutions made up in water did not have any other excipients, and therefore, the 

lower or no increase in glucose observed for the vaccines must be due to other 

excipients which are protecting sucrose from hydrolysis (Table 5.1).  
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Signs of sucrose degradation could be detected as early as 12 hours post-

incubation (Figure 5.2), suggesting rapid hydrolysis into glucose and fructose at higher 

temperatures of 37°C and 45°C. This result proves that the bioluminescent-based 

glucose assay is sensitive enough to detect the smallest changes in glucose levels, down 

to 0.0031 µM (the lowest standard concentration used in the assay). Although a specific 

instrument is required to read the bioluminescence, the assay is relatively 

straightforward to do, and most reference laboratories worldwide will have the capacity 

to perform the assay.  

Another rapid and simple tool to detect glucose in samples is the colorimetric 

glucose assay. I used it to detect sucrose in a COMIRNATY mRNA vaccine. The assay only 

requires a spectrophotometer (microplate reader) that is relatively widely available 

globally. Importantly, the changes in colour intensity along with the increased level of 

glucose can be observed visually (Figure 5.3 A). This will significantly aid the use of this 

assay in a field setting where instrumentation is lacking. However, the sensitivity of this 

assay is lower than the bioluminescent assay, with the capability to measure down to 

the limit of 6.25 µM of glucose.  

The other analytes detected and quantified by the biochemical analyser helped to 

determine an analyte fingerprint for the vaccines, and we have shown how this is a low-

cost way to distinguish genuine vaccines from falsified surrogates (317). The analytes 

identified and quantified for the three vaccines act as a fingerprint to confirm 

authenticity (Table 5.3). All vaccines tested contain sodium chloride, and as expected, 

both sodium and chloride ions were detected. Although Bexsero does not contain 

potassium, a positive result was seen, possibly due to interference from other 

excipients, which is not a problem since the result was consistent among all runs. Such 
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false positives may occur since the analyser is intended for urine samples instead of 

vaccines, which have a very different sample matrix. COMIRNATY tested positive for 

protein even though no protein is expected in this vaccine. An explanation for this false 

positive in mRNA vaccines could be due to benzethonium chloride used for the protein 

method, which interacts with lipids in the vaccine and disrupts the lipid nanoparticles 

(317).  Magnesium chloride is present in COVISHIELD, and as expected, magnesium was 

detected. The Oxford COVID-19 ChAdOx1-S vaccine has the same excipient list as 

COVISHIELD, and we have shown that magnesium ions could also be detected in this 

vaccine (317). 

Previous work assessing the stability of adenovirus-vectored vaccines at a 

temperature range from 4°C to 45°C using an in vitro infectivity assay reported a rapid 

loss of infectivity at higher temperatures of 30°C and 45°C in less than 10 days of 

exposure.  On the other hand, only a small decrease in infectivity was observed when 

stored at ambient 22°C, and no loss of infectivity was detected over five freeze-thaw 

cycles (311). Therefore, while the glucose assays were not able to detect vaccines which 

had been exposed to freeze-thaw cycles, the potency may have been unaffected in the 

vaccines tested, and this was confirmed in the potency correlation data for the HAdV-5-

based vaccine (Figure 5.5). This is consistent with a historical report that a rapid initial 

loss of vaccine potency occurs only on exposure to temperatures above ambient 

temperature (318). Furthermore, a case report assessing the stability of an adenovirus-

vectored vaccine stored at ambient 21°C for 18 hours before vaccination reported the 

same safety profile and efficacy as the vaccines stored at the recommended 

temperature (302). mRNA vaccines are also vulnerable to degradation by elevated 

temperature (319). The decrease of mRNA integrity and the simultaneous increase of its 

fragmentation were observed after four days of incubation at the higher temperatures of 
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37, 45, and 60°C (319). The stability of mRNA (as of percentage of intact RNA) correlates 

with in vitro potency, as both rapidly decreased when exposed to an increasing 

temperature from 25 to 45°C (320). 

Collectively, the pattern of sucrose degradation within seven days in this study 

correlates with the results of the vaccine potency assay (Figure 5.5). The detection of 

sucrose degradation could potentially be an endogenous indicator of vaccines having 

been exposed to elevated temperatures exposure and thus of cold chain failure. The 

proposed assays could detect heat exposure of vaccines by sensing the significant 

increase in glucose levels formed as a product of the heat degradation of sucrose 

molecules within the vaccine formulation. While monitoring the glucose levels at 37°C 

and 45°C incubation, the bioluminescent assay was able to detect an increase in 

glucose content as early as three hours of exposure to heat. The colorimetric assay 

offers the simplicity of glucose detection using a visual inspection, and the urine 

analyser offers the repurposing of instruments routinely used in clinical testing 

laboratories. The assay could be used as an early assessment by vaccine assessors to 

check the quality of the vaccine in the prevention of substandard vaccines.  

 

In conclusion, although the proposed assays would not be able to replace the gold 

standard potency assays, they can be used as low-cost predictors of substandard 

sucrose-containing vaccines within the supply chain in the field. These lower-cost and 

more rapid assays could be used by medicine regulators, vaccine manufacturers, and 

NRA inspectors as an initial screening test to help prevent substandard vaccines from 

being used. 
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6 
Assays to investigate diethylene glycol and 

ethylene glycol contamination in raw 

materials and medical products 

 

 

Toxic alcohol contaminations in medical products have been reported as sources of 

human intoxication (321) and may result from either the fraudulent act of changing the 

supposed ingredients in the pharmaceutical manufacturing process or failure to adhere 

to GMP QC procedures (322). The definitive diagnosis of DEG/EG contamination can be 

established using gas chromatography (GC), a method that is relatively costly, laborious, 

and often not available in many laboratories (323). Thin-layer chromatography (TLC) is of 

relatively lower cost and also portable, but requires time and trained personnel (324). 

Alternative rapid, low-cost and simple methods to detect DEG/EG contamination are 

desirable to provide simple, rapid and lower-cost determination of DEG and EG 

contamination and may be lifesaving.  
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6.1. Introduction 

 

6.1.1. Toxic alcohol contamination in medical products 

 

Substandard and falsified medical products have been found worldwide, although they 

are more prevalent in LMICs with often under-resourced NRAs (73,325,326). 

Substandard medical products do not meet their quality standards and/or quality 

specifications, and one of the causes is that the products originate from poor 

manufacturing practices (70,325). 

 

 

Figure 6.1. The metabolic pathways of propylene glycol and glycerol (used as excipients in 

syrups) and toxic alcohols DEG and EG. The pathways include the use of glycolate oxidase for the 

detection of glycolic acid. The pathway involves three enzymes: alcohol dehydrogenase, 

aldehyde dehydrogenase, and glycolate oxidase. Steps involving enzymatic reactions with NAD+ 

and NADH have been omitted to simplify this pathway. 
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Medicinal syrups often contain excipients such as propylene glycol (PG) and 

glycerol as a base to sweeten and thicken the medicine, and these must be of 

pharmaceutical grade so that they meet stringent purity standards to be approved for 

human consumption. DEG and EG are industrial solvents often used in antifreeze and 

vehicle brake fluid and should never be used as an excipient in medicinal syrups since 

they are metabolised to the toxic acids 2-hydroxyethoxyacetic acid (HEAA), glycolic acid 

and calcium oxalate which can lead to neurological damage, renal failure, metabolic 

acidosis, hyperosmolality and an increased chance of death (Figure 6.1) (81). These toxic 

metabolites originate from enzymatic reactions involving alcohol dehydrogenase and 

aldehyde dehydrogenase (327).  

DEG and EG contamination in medical products have been reported as sources of 

human intoxication (81,321) and may result from accidental mislabelling of barrels or 

deliberate criminal activity (322,328) since both industrial solvents are a fraction of the 

cost of pharmaceutical grade PG and glycerol. Both DEG and EG are colourless, 

odourless, and have a sweeter taste than PG and glycerol. Industrial-grade PG and 

glycerol are also cheaper than pharmaceutical-grade solvents, but should also not be 

used since they lack the required purity for oral consumption. DEG is an excellent solvent 

for water-insoluble chemicals with a sharp, slightly sweet taste and has been used as a 

component in a wide range of industrial products (329). The ingestion of DEG can lead to 

serious complications and can be fatal due to metabolic acidosis caused by the 

metabolite HEAA, which is the major contributor to renal and neurological toxicities 

(329). On the other hand, although EG is a non-toxic substance by itself (330), it is 

frequently considered an intoxicant in poisoned patients (331) due to its metabolic 

breakdown to oxalic and, to a greater extent, glycolic acids, which contribute to a 

significant metabolic acidosis (332,333). Haemodialysis is considered useful for EG-
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poisoned patients (334) and is initiated when glycolic acid blood serum level exceeds 8 

mmol/L (333). 

The first reported case of contaminated syrup intoxication occurred in 1937 in the 

United States of America with the antibiotic product Elixir Sulfanilamide (335), and 

multiple outbreaks have occurred in different parts of the world since then (81). From 

October 2022 to March 2025, whilst this research was being carried out, over a dozen of 

global medical product alerts were issued by the WHO for over-the-counter (OTC) 

medicines contaminated with DEG/EG in The Gambia (336), Indonesia (337), Uzbekistan 

and Cambodia (338), the Federated States of Marshall Islands and Micronesia (339), 

Cameroon (340), the Republic of Iraq (341),  The Maldives and Pakistan (20, 21), Thailand 

(328), India (322), Kenya, Nigeria, Rwanda, South Africa, Tanzania, and Zimbabwe (344). 

It has been estimated that there have been at least 300 fatalities in children worldwide 

(323). In The Gambia, as of 2022, adulteration of anti-histamine and cough-and-cold 

syrups has led to the death of 70 children, while in Indonesia, the fraudulent use of 

EG/DEG as a solvent in liquid medicine formulations was reported to be the cause of 324 

cases of acute kidney injury leading to 199 child deaths, reported by the Indonesian 

Ministry of Health (79,80).  

In 2022, the Indonesian Food and Drug Authority (Badan Pengawas Obat dan 

Makanan Republik Indonesia/BPOM RI) identified barrels labelled as PG that were 

contaminated with 4.69 - 99.09% weight per weight (% w/w) of EG (345). In another 

report, BPOM RI found cases of PG raw material contaminated with 33.46% EG and 

5.94% DEG. In addition, 1.28 to 443.66 mg/mL (equivalent to 0.13 to 44.37%) of EG and 

DEG contamination was detected in finished syrup products (346).  
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The minimum lethal dose of DEG/EG intoxication in humans is uncertain, with a 

wide toxicity range (347). The maximum allowable level of DEG/EG is 0.1% w/w in raw 

materials or finished pharmaceutical products (324). Syrup manufacturers should test 

for DEG and EG in all barrels received labelled as PG or glycerol. However, syrup 

manufacturers may fail to adhere to manufacturing QC procedures (82).  

 

6.1.2. Tools to detect DEG and EG contamination 

 

The International Pharmacopoeia describes GC as the most suitable and widely used 

analytical technique to test pharmaceutical products precisely and accurately for DEG 

and EG, down to or below the minimum safe level for humans of 0.1% w/w (324). 

However, the method is costly, laborious, time-consuming and often not available in 

many LMICs (349,350). Another screening method for non-compliance is using TLC, 

which allows the detection of DEG or EG concentrations down to 0.2% w/w (324). 

However, these techniques are limited to national QC laboratories with access to the 

instruments, reagents, and competent human resources. TLC has failed to detect 

contaminants in cough expectorants (351) and, in the same way as GC, requires 

personnel with adequate laboratory skills (324,350). Although TLC is a lower-cost 

approach compared to GC, the method requires several consumables, including silica 

gel TLC plates, a chromatographic tank, a hairdryer, solvents (which are toxic, 

flammable, corrosive and hazardous), a visualisation solution containing potassium 

permanganate (which is very toxic, corrosive and harmful) and ideally a laboratory fume 

hood. 

To the best of my knowledge, the only low-cost and portable device which can help 

to differentiate glycerol from DEG is by using a mbira, an ancient African musical 
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instrument (352), that was modified to contain the sample for analysis. The mbira’s tines 

were replaced with bent steel tubing to be filled with a sample, and while plucking the 

tubing, the generated sound was then recorded using a mobile smartphone to measure 

the frequency of the sound using a free software tool and determine the density of the 

sample with a resolution of about 0.012 g/mL (352). Using this method, DEG and glycerol 

could be distinguished. However, the mbira has not been tested for PG, EG, or alcohol 

spiked into medicinal syrups. Furthermore, the limit of detecting DEG in glycerol using 

an mbira has not been investigated, and it is unlikely that it would be able to detect low 

levels of DEG or EG near the toxic and fatal threshold levels. 

 

6.1.3. Alternative lower-cost methods to detect DEG/EG contamination 

 

Alternative rapid, low-cost, portable and simpler methods to detect DEG/EG 

contamination are desirable. For the detection of DEG contamination, the use of 

polyethylene glycol (PEG) enzyme-linked immunosorbent assay (ELISA) and disposable 

breathalysers was evaluated. Enzymatic assays were tested based on the replication of 

EG metabolism in the body by converting it using alcohol dehydrogenase and aldehyde 

dehydrogenase to form glycolic acid, which could then be detected using glycolate 

oxidase and a substrate. These led to the evaluation of rapid diagnostic tests for alcohol 

detection in saliva and breast milk. In parallel, I investigated the expansion of the MALDI-

ToF MS method for detecting EG and DEG contamination.  

Mass spectrometry has been used to analyse glycols and glycerol by incorporating 

a benzoyl ester derivatisation method (353). I applied this approach and utilised a 

MALDI-ToF instrument to analyse DEG/EG contamination in raw materials and finished 
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products. The MALDI-ToF MS spectra profiles of EG and DEG were analysed, and 

additional multivariate analyses were used to specify the chemicals.  

In this chapter, I investigated novel methods for detecting and preventing EG and 

DEG contamination that have the potential to be implemented in local settings and are 

beneficial for empowering the local NRA. The suitability of enzymatic assays and MALDI-

ToF MS to detect DEG/EG contamination was evaluated. The low-cost enzymatic assays 

can be used as rapid screening tests in field settings without the need for a specialist to 

interpret the results. With an additional derivatisation protocol in a reference laboratory, 

MALDI-ToF MS may provide sensitive detection of EG and DEG in raw materials and 

medicinal syrups. Furthermore, the tests could also provide useful preliminary 

indicators of DEG and EG prior to further testing using more selective and sensitive 

techniques. 

 

6.2. Materials and Methods 

 

6.2.1. Chemicals and sample preparation 

 

Ethylene glycol (≥99%, Sigma-Aldrich Cat. No. 102466), diethylene glycol (for synthesis, 

Sigma-Aldrich Cat. No. 8.03131), propylene glycol (Ph. Eur. grade, Sigma-Aldrich Cat. 

No. 16033), and glycerol (Ph. Eur. grade, Sigma-Aldrich Cat. No. 49779) were used in the 

study. A 5% v/v alcohol solution was prepared by volumetric measuring of 0.5 mL of 

alcohol and adding double-distilled water (Milli-Q, Millipore) up to 10 mL. EG-spiked PG 

samples were prepared by weighing EG in an amount to generate a percentage of 10.0, 

5.0, 2.0, 1.0, 0.5, 0.1, and 0.05% w/w in PG. 
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6.2.2. Finished medical products 

 

Eleven cough syrups and syrups containing paracetamol, ibuprofen and cetirizine were 

purchased OTC from local pharmacies in the UK and Indonesia (Table 6.1). EG-spiked 

samples of representative OTC syrups were prepared by gravimetrically adding EG to the 

syrup matrix, generating 10.0, 5.0, 2.0, 1.0, 0.5, 0.1, 0.05 and 0.01% w/w solutions. The 

syrups include products containing ethanol (Beechams, Covonia, and Benylin Chesty for 

adults) and paediatric syrups without ethanol (Calprofen, Dimetapp, Benylin Infant’s, 

and Piriteze). 

 

6.2.3. Ethanol assay 

 

An ethanol assay was repurposed to qualitatively detect the presence of alcohol in the 

sample using the Ethanol Assay Kit (Megazyme Cat. No. K-ETOH, Wicklow, Ireland). In a 

clear-flat 96-well microplate (Greiner Bio-One, Stonehouse, UK), 10 µL of the sample 

was mixed with 200 µL of distilled water, 20 µL of buffer, 20 µL of NAD+, and 5 µL of 

alcohol dehydrogenase enzyme. The reaction was mixed, incubated for 2 minutes at RT 

(recorded at 20 ± 1°C), and measured for the first absorbance (A1) at 340 nm on a 

Clariostar Plus microplate reader (BMG Labtech, Ortenberg, Germany). Without delay, 2 

µL of aldehyde dehydrogenase enzyme was added to the reaction mix, incubated for 5 

minutes at RT, and measured for the second absorbance at 340 nm (A2) in one-minute 

intervals for 15 minutes. The final absorbance was achieved from the subtraction of A2 

and A1. The resulting absorbances were blank subtracted. The acids formed in the wells 

of the plate were used for the glycolic acid assay. 
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Table 6.1. The medicinal syrups used in the study which were bought commercially from registered pharmacies in the UK and Indonesia. The excipient 

ethanol is highlighted in bold. 

Brand Manufacturer Intended use Active Pharmaceutical 
Ingredients Excipients 

Beechams All in One GlaxoSmithKline, Brentford, 
UK 

Adults and children 
aged 16 years and 
over 

Paracetamol, guaifenesin, 
phenylephrine hydrochloride 

Ethanol (19% v/v), sodium propylene 
glycol, sorbitol, glycerol 

Benylin Chesty Coughs 
non-drowsy 

McNeil, High Wycombe, UK Adults and children 
aged 12 years and 
over 

Guaifenesin, levomenthol Sucrose, liquid glucose, ethanol, 
glycerol, sodium citrate, saccharin 
sodium, citric acid monohydrate, 
sodium benzoate 

Benylin Infant's Cough 
Syrup 

McNeil, High Wycombe, UK Children aged 3 
months to 5 years 

Glycerol Maltitol liquid, hydroxyethylcellulose 
sodium citrate, sodium benzoate, citric 
acid monohydrate, propylene glycol 

Bodrexin Flu & Batuk 
PE 

PT. Tempo Scan Pacific, Tbk., 
Bekasi, Indonesia 

Children below 12 
years 

Paracetamol, phenylephrine 
hydrochloride, guaifenesin, 
bromhexine hydrochloride, 
chlorphenamine maleate 

 

No information 

Calprofen McNeil, UK Babies and children 
aged 3 months to 12 
years 

Ibuprofen Glycerol, xanthan gum, polysorbate 80, 
flavouring agent (contains propylene 
glycol and ethanol), maltitol, 
saccharin sodium, citric acid 
monohydrate, sodium methyl 
hydroxybenzoate, sodium 
propylhydroxybenzoate 
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Covonia Thornton and Ross, 
Huddersfield, UK 

Adults and children 
aged over 1 year 

Honey, capsicum tincture, 
menthol, peppermint oil, 
anise oil, liquorice extract 

Glycerol, ethanol (in capsicum 
tincture), citric acid, glucose, 
flavouring agent (contains ethanol), 
propylene glycol 

Dimetapp Cold and 
cough 

Foundation Consumer 
Brands, LLC., USA 

Children 6 to under 12 
years, children 12 
years and older and 
adults 

Brompheniramine maleate, 
dextromethorphan HBr, 
Phenylephrine HCl.  

Anhydrous citric acid, glycerin, 
propylene glycol, sodium benzoate, 
sodium citrate, sorbitol solution, 
sucralose 

OBH Combi Anak 
Batuk plus flu 

Combiphar, Bandung, 
Indonesia 

Children aged 2 to 12 Paracetamol, succus 
liquiritiae, ammonium 
chloride, pseudoephedrine 
hydrochloride, 
chlorphenamine maleate 

No information 

Paratusin PT. Darya Varia Laboratories, 
Tbk., Bogor, Indonesia 

Adults and children 
aged 2 to 12 

Paracetamol, 
pseudoephedrine 
hydrochloride, noscapine, 
chlorphenamine maleate, 
guaifenesin, succus 
liquiritiae  

Ethanol (10% v/v) 

Piriteze Childrens’ 
Hayfever & Allergy 
Syrup (GSL) 

Haleon, Weybridge, Surrey, 
UK 

Children 2 years and 
above 

Cetirizine hydrochloride Sorbitol 

Termorex Plus Flu dan 
batuk 

PT. Konimex, Sukoharjo, 
Indonesia 

Children aged 2 to 12 Paracetamol, 
pseudoephedrine 
hydrochloride, guaifenesin, 
chlorphenamine maleate 

No information 
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6.2.4. Glycolic acid assay 

 

The presence of glycolic acid in samples was detected using the Glycolic Acid Assay Kit 

(Fluorometric) (Abcam Cat. No. 282915, Cambridge, UK), using the manufacturer’s 

protocol. The samples analysed were the products of the ethanol assay kit (method 

described above) and diluted 10× in assay buffer. A volume of 50 µL of the prepared 

sample was added into a well of a 96-well black flat bottom plate (Corning, UK). A 

reaction mix was prepared consisting of 44 µL of assay buffer, 2 µL of detection reagent, 

2 µL of enzyme mix (contains glycolate oxidase) and 2 µL of fluorogenic probe. A total of 

50 µL of reaction mix was then added to the prepared sample, and the fluorescence was 

recorded at 30-second intervals for 90 minutes at RT with a setting of the microplate 

reader at Ex/Em = 535/587 nm. The fluorescence for the blank was subtracted from the 

fluorescence measurements for each sample. 

 

6.2.5. Polyethylene glycol (PEG) Enzyme-linked Immunosorbent Assay 

(ELISA)  

 

The PEG ELISA kit (Abcam Cat. No. ab215546, Cambridge, UK) was used according to 

the manufacturer’s protocol. A competitive ELISA format was used, where a mixture of 

50 µL sample and 50 µL of 1× PEG-HRP was prepared and 50 µL of the mixture was then 

added to the anti-PEG antibody-coated 96-well in a strip format. The reaction was 

incubated for 45 minutes at RT on a plate shaker set to 400 rpm. Following the 

incubation, the sample mix was aspirated, and the well was washed three times with 1× 

wash buffer. A volume of 100 µL of TMB substrate was then added to the well and 
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incubated for 15 minutes at RT in the dark with shaking, prior to the addition of 100 µL of 

stop solution and an absorbance reading at 450 nm.  

 

6.2.6. Alcohol strip tests 

 

Alcohol samples prepared in water were tested by adding 20 µL of sample onto the pad 

of the Alcohol Rapid Test Strip (Saliva) (Surescreen Diagnostics, Eagle Park, UK) or Frida 

mom Breast Milk Alcohol test (Frida, Miami, Florida, USA). Other strip tests evaluated 

include the One Step Saliva Alcohol Rapid Test Dipstick and AllTest Alcohol Rapid Test 

Dipstick (Saliva) (both from Hangzhou AllTest Biotech Co. Ltd., Hangzhou, P.R. China, 

distributed by Home Health, Bushey, UK), and Easy@ Home Breastmilk Alcohol test 

(Safecare Biotech, Hangzhou, P.R. China). Spiked PG samples and cough syrup samples 

were 5× diluted in Milli-Q water before being added to the pad. The reaction was allowed 

to proceed for 2 minutes at RT. The presence of blue colour qualitatively identifies the 

presence of alcohol in the sample. Additionally, a semi-quantitative interpretation of the 

alcohol range can be visually identified based on the intensity of the resultant blue 

colour.  

 

6.2.7. Alcohol breathalyser 

 

The One Step alcohol breathalyser (Test&Drive Sp. Z o.o., Ploty, Poland, distributed by 

Home Health Ltd, Bushey, UK) was repurposed by testing 1% v/v of diluted alcohol 

sample in water. The security seal of the test tube was broken by pressing firmly on both 

ends of the tube. An amount of 75 µL of diluted alcohol was added to the blowing end of 

the tube and flicked twice to ensure the liquid reached the crystal. The test was allowed 
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to incubate at room temperature for 2 minutes, with a manual recording of the time of 

colour change and visual observation of the resultant colour change in the crystal. 

 

6.2.8. MALDI-ToF MS assay 

 

6.2.8.1. Benzoyl chloride derivatisation 

 

The derivatisation of glycol samples using benzoyl chloride (Figure 6.2) was performed 

by mixing 100 μL of alcohol sample with 100 μL of 4M NaOH (in distilled water) in a 2.0 

mL centrifuge tube. To the mixture and under a chemical hood, an amount of 25 μL 

benzoyl chloride (ReagentPlus, 99%, Sigma Aldrich, UK) was added. The mixture was 

then vortex-mixed and incubated for 5 minutes at RT. An amount of 50 μL 10% glycine 

(w/v in distilled water) was added, vortex-mixed and incubated at RT for 3 minutes, 

followed by the addition of 1 mL of heptane (anhydrous, 99%, Sigma-Aldrich, UK). The 

tube was then vortex-mixed and centrifuged at 3,500 × g for 5 minutes at RT. A volume of 

100 μL of the top organic layer was collected and moved to a fresh 1.5 mL centrifuge 

tube. The organic layer was dried using a Speed-Vac concentrator (Eppendorf, Germany) 

for 15 minutes at 40°C. The dried solution was reconstituted with 12 μL of CHCA matrix 

(bioMérieux, France), vortex-mixed, centrifuged briefly to pellet the content, and 

sonicated for 5 minutes. Another round of vortex and brief centrifugation was performed, 

and two μL of the derivatised sample was then spotted onto each of four MALDI slide 

wells (bioMérieux, France) (N=4). Samples were run on a VITEK-MS MALDI-ToF 

(bioMérieux, France) at 0-900 m/z. 
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Figure 6.2. The schematic reaction of benzoyl chloride derivatisation of alcohol for MALDI-ToF MS 

sample preparation. Benzoyl chloride is reacted with alcohol (glycerol as an example) in a basic 

condition to generate a benzoyl ester form with a higher molecular weight and improved 

ionisation properties in MALDI-ToF MS. Image adapted from Nanco CR, et al. J Anal Toxicol 2019 

(353) 

 

6.2.8.2. MALDI-ToF mass spectrometry assay and spectral analysis 

 

The MALDI-ToF MS assay and spectral analysis were performed according to the 

established method integrating MS spectral analysis and multivariate analysis (246) and 

are described in full in Chapter 4. Briefly, raw MS spectra were acquired at 0–900 m/z 

after instrument calibration with MBT Star-ACS (Bruker). Manual inspection of the raw 

mass spectra was performed by uploading the data files into the Shimadzu Biotech 

Launchpad software (version 2.9.5.6) from the VITEK-MS instrument. Raw spectra in 

*.mzXML format were imported into R Studio and processed in R v4.1.2 using the 

MALDIQuant package. The resulting peak intensity list (Supplementary file) was 

exported as a *.csv file for further analysis using MetaboAnalyst (version 5.0, 

https://metaboanalyst.ca). Statistical analysis figures and graphical representations 

were created using both MetaboAnalyst and GraphPad Prism (GraphPad Software, 

Boston, MA, USA; v.9.4.1). 
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6.3. Results 

 

6.3.1. The detection of EG and DEG in raw materials using enzymatic 

assays 

 

EG was successfully differentiated from the other alcohols (glycerol, PG and DEG) using 

alcohol dehydrogenase, aldehyde dehydrogenase and a plate reader to record the 

formation of NADH at 340 nm (Figure 6.3 A). By additionally using glycolate oxidase, a 

fluorogenic substrate, and recording the fluorescence with a plate reader, it was possible 

to more specifically determine EG and differentiate it from other alcohols by analysing 

the end-point absorbance (Figure 6.3 B) and relative fluorescence unit (RFU) (Figure 6.3 

C).  

More importantly, it was possible to successfully identify EG simply by visual 

observation of the oxidised fluorogenic substrate as a pink colour (Figure 6.3 D) without 

the need for a plate reader. The PEG ELISA showed that amongst the alcohols tested, 

there was some preferential binding to DEG, although this was very weak, and it is 

difficult to use this assay to discriminate DEG from the other alcohols (Figure 6.4). 

 

6.3.2. The detection of EG in PG matrix using enzymatic assays 

 

Alcohol and glycolic acid assays were used to test different concentrations of EG-spiked 

PG. The presence of EG in PG matrix could be confidently detected down to the 

percentage of 2% (Figure 6.5 A) and 1% (Figure 6.5 B), for alcohol assay and glycolic 

assay, respectively. 
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Figure 6.3. Determining EG using enzymatic assays. A. Using alcohol dehydrogenase and 

aldehyde dehydrogenase, EG was found to convert at a far higher rate than the other alcohols. 

NADH was measured at 340 nm over 15 minutes. The dotted line shows the blank absorbance 

limit. B. Further analysis using glycolate oxidase to detect glycolic acid, EG could be determined 

more specifically with endpoint absorbances measured at 571 nm. C. The detection of glycolic 

acid in alcohol samples, measured as the relative fluorescence unit (RFU). D. The identification 

of EG simply by visual observation of the oxidised fluorogenic substrate as a pink colour without 

the need for a plate reader. No pink colour was observed for the other alcohols. Error bars show 

the standard deviations of two replicates. 
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Figure 6.4. PEG ELISA results of the alcohol solutions show very weak preferential binding to DEG. 

Lower absorbances show greater binding due to this being a competitive ELISA. Error bars show 

the standard deviations of two replicates. 

 

 

Figure 6.5. Determining EG in PG using enzymatic assays. PG was spiked with different 

percentages of EG. A. Endpoint 340 nm absorbance readings of NADH after using alcohol 

dehydrogenase and aldehyde dehydrogenase. B. Relative fluorescence unit (RFU) readings after 

additionally using glycolate oxidase in the glycolic acid assay. Milli-Q water was used as a no-

matrix control. The dotted line shows the detection limit of neat PG. Error bars show the standard 

deviations of two replicates. 
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6.3.3. The detection of EG in medicinal syrups using an ethanol assay 

combined with a glycolic acid assay 

 

EG-spiked syrups were prepared using both Calprofen and Dimetapp paediatric syrup 

matrices. The ethanol assay was able to detect EG as low as 0.1% and 0.5% w/w in 

Calprofen and Dimetapp, respectively (Figure 6.6 A). The glycolic acid assay was further 

able to detect EG at a percentage down to 0.01% w/w in both medicinal syrup matrices 

(Figure 6.6 B), although only small absorbance differences were observed in syrups 

spiked below 0.1% w/w, making it hard to distinguish whether the absorbance was due 

to the presence of EG or only noise. The assays, however, did not perform well for the 

detection of EG in other syrup matrices containing ethanol, i.e. Beechams, Benylin 

Chesty for adults, and Covonia (Figure 6.6 C and D). The detection limit of EG in syrups 

was therefore determined to be at 0.1% w/w for both ethanol and glycolic acid assays. 

 

6.3.4. Alcohol strip tests in alcohol raw material testing 

 

Five different brands of alcohol strip tests designed to detect alcohol in saliva and breast 

milk samples were tested initially in solutions of alcohol raw materials in water (Figure 

6.7). All strips could successfully and rapidly (within 2 minutes) differentiate EG from 

glycerol and PG. The Surescreen alcohol saliva test kit detected EG with higher sensitivity 

and with minimal cross-reactivity to PG, compared to the One Step Saliva Alcohol Rapid 

Test Dipstick and AllTest Alcohol Rapid Test Dipstick (Saliva). On the other hand, the 

Frida mom Breast Milk Alcohol test showed a higher sensitivity to detect EG, compared 

to the Easy@ Home Breastmilk Alcohol test (Figure 6.7).  
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Figure 6.6. The enzymatic assay results of medicinal syrups spiked with different percentages of 

ethylene glycol. A. Ethanol assay results at end-point 340 nm absorbance reading after 15 

minutes of incubation time for two paediatric syrups Calprofen and Dimetapp. B. Glycolic acid 

assay results at end-point 571 nm absorbance reading after 90 minutes of incubation time for two 

paediatric syrups. C. Ethanol assay results for three ethanol-containing syrups Beechams, 

Benylin Chesty, and Covonia. D. Glycolic acid assay results for three ethanol-containing syrups. 

Error bars show the standard deviations of two replicates. The measured absorbance values in 

panels A and C were out of the linear range. 
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Figure 6.7. A comparison between five different brands of alcohol saliva and breast milk strip 

tests in detecting 5% v/v alcohol solutions in water  

 

 

 

Figure 6.8. Alcohol saliva strip test results for glycols in water and PG. A. Alcohol saliva strip test 

results of 5% v/v alcohol in water and B. in different percentages of EG-spiked PG 
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The Surescreen alcohol saliva strip and Frida mom breast milk strip tests were 

then chosen as the rapid tests for EG detection. The Surescreen alcohol saliva strip 

could detect EG in both the 5% water solution and PG matrix (Figure 6.8). A slight colour 

change was observed for DEG, although it was not easily noticeable  (Figure 6.8 A). The 

Surescreen alcohol saliva strip could also determine EG down to 0.5% w/w when spiked 

into PG  (Figure 6.8 B). 

 

6.3.5. Alcohol rapid strip tests to detect EG in medicinal syrups 

 

The potential use of the alcohol saliva strip test was then tested in medicinal syrups. As 

expected, no change in the colour of the saliva strips was observed for the four non-

alcohol-containing syrups (Figure 6.9 A and Table 6.1). Syrups that contain ethanol in the 

formulation generated a strong blue colour with the colorimetric substrate on the saliva 

strips. Visualisation of the blue colour change was more noticeable in colourless syrup 

samples (Figure 6.9 B).  

Dimetapp, known to be free from ethanol, did not show a blue colour change, but 

the pad was slightly coloured due to the syrup colour. Calprofen and Covonia, both 

known to contain ethanol, showed no blue colour on the pad of the strips, although for 

Covonia, the pad was coloured due to the syrup colour. All other syrups known to contain 

ethanol (Beechams, Benylin Chesty and Paratusin) generated a blue colour on the pad 

of the strips. 
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Figure 6.9. Alcohol saliva strip test results for neat medicinal syrups from 11 different 

manufacturers compared to 5% v/v PG in water. A. The visual of the alcohol saliva strip pad after 

the addition of the 5× diluted syrups. B. The colour of 5× diluted syrups in water before spotting 

onto the strip pad 

 

6.3.6. Alcohol strip tests to determine EG spiked into infant medicinal 

syrups 

 

Benylin infant and Piriteze syrups were spiked with various concentrations of EG. Both 

alcohol saliva and breast milk tests were able to detect EG, as shown in Figure 6.10. The 
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lowest detectable level of EG in the spiked syrups, for both alcohol strips, were 1% and 

2% w/w in Benylin infant and Piriteze syrups, respectively. 

 

Figure 6.10. The detection of EG in spiked Benylin infant and Piriteze medicinal syrups using 

Surescreen alcohol saliva and Frida mom alcohol breast milk strip tests. The strips detect EG 

down to 1% and 2% w/w for Benylin infant and Piriteze, respectively (red boxes). 

 

6.3.7. Alcohol breathalyser for the evaluation of toxic alcohols 

 

Using the alcohol breathalyser, the detection of DEG could be established by observing 

the rate of crystal colour change after the addition of alcohol samples. Using a 1% v/v 

alcohol dilution in water, both glycerol and PG samples rapidly changed the colour of the 

crystals in test tubes from colourless to dark brown within seconds (Figure 6.11 A). The 

diluted EG had a lower rate of colour change, where a slight colour change for EG was 

observed at 10 seconds, and the crystals turned dark brown after two minutes (Figure 

6.11 B). DEG did not change the crystal colour even after two minutes of incubation 

(Figure 6.11 B).  
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Figure 6.11. Alcohol breathalyser results from diluted alcohol in water. The results were recorded 

after incubation times of 10 seconds (A) and two minutes (B) 

 

 

 

Figure 6.11. Alcohol breathalyser results of 0.1% v/v diluted alcohol in water. The results were 

recorded after incubation times of 10 seconds (A) and two minutes (B) 
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The best dilution of the alcohols in water was found to be 1% v/v in water when 

using the breathalysers. Testing a 5% v/v DEG dilution in water gave a slight colour 

change after two minutes (Figure 6.11 B), although the reaction was not rapid (Figure 

6.11 A). Further testing of the alcohol breathalyser using the 0.1% v/v alcohol solution in 

water was able to distinguish between DEG and other alcohols (Figure 6.12). An 

optimum sample dilution of 1% v/v in water is recommended for the optimum sensitivity 

and specificity of this breathalyser tool. 

 

6.3.8. The detection of EG and DEG using MALDI-ToF MS 

 

DEG, EG, PG and glycerol were diluted to 5% v/v in water and analysed by MALDI-ToF MS. 

As expected, no additional peaks were observed for these alcohols when compared with 

the matrix spectrum (Figure 6.13) since the molecules are too small to be detected by 

MALDI-ToF MS.  

Benzoyl chloride derivatisation of glycol samples in solution improved the 

ionisation and detection in MALDI-ToF MS with expected higher m/z peaks (Figure 6.14). 

DEG spectra could readily be distinguished by visual inspection by the presence of the 

337 m/z peak (corresponding to the sodiated ion of DEG (DEG[M+Na]+). A peak at 149 

m/z was found in both EG and DEG samples, and fewer peaks were observed between 

250 and 450 m/z compared to the other alcohols (Figure 6.14). Derivatisation allowed 

the differentiation of both EG and DEG spectra from PG and glycerol. 

Multivariate analysis of derivatised samples’ spectra could further group and 

differentiate EG and DEG from PG and glycerol (Figure 6.15). Both PCA and PLS-DA 

confidently separated toxic alcohols from non-toxic ones. Therefore, derivatisation 

allowed the differentiation of both EG and DEG spectra from PG and glycerol. 
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Figure 6.13. Spectra of non-derivatised alcohols in water solution generated by MALDI-ToF MS at 
0-200 m/z 

 

 

 

Figure 6.14. MALDI-ToF spectra of different alcohols after derivatisation using benzoyl chloride at 

0-900 m/z. The spectra show signature peaks at 337 m/z for DEG and 149 m/z for both EG and 

DEG.  
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Figure 6.15. Multivariate analysis of 5% v/v alcohol solution in water after derivatisation using 

benzoyl chloride. Toxic alcohols EG and DEG could be differentiated from non-toxic alcohols PG 

and glycerol using A. PCA score plot result, B. PLS-DA score plot result and confirmed with C. 

cross-validation and D. permutation analysis results. The analysis was performed using four 

sample replicates (N=4).  

 

When testing PG spiked with DEG or EG, MALDI-ToF was able to detect these same 

peaks corresponding to EG and DEG (Figure 6.16).  EG could be detected at levels as low 

as 0.5% w/w, while DEG could be detected at only 0.05% w/w. For DEG, the m/z 337 peak 

helped in identifying contamination down to 0.05% w/w when spiked into PG. At 0.05% 

DEG, the peak intensity ratio of the peaks at m/z 337:335 was roughly 1:1, and if the peak 

intensity of the m/z 337 peak exceeded that of the m/z 335 peak, it helped to indicate 

more than 0.05% w/w DEG contamination. A peak at m/z 149 for DEG also helped in its 

identification, although the m/z 337 peak was of much greater intensity (Figure 6.14).  For 

EG, the m/z 149 peak helped in identifying contamination down to 0.5% w/w when spiked 
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into PG. At 0.5% EG, the peak intensity ratio of the peaks at m/z 149:147 was roughly 1:1, 

and if the peak intensity of the m/z 149 peak exceeded that of the m/z 147 peak, it helped 

to indicate more than 0.5% w/w EG contamination. 

In a more complex syrup matrix, spiked samples could be detected at levels as low 

as 1% for both EG and DEG (Figure 6.17). In a similar way to EG and DEG spiked into PG, 

this detection was achieved by analysing the peak intensity of the m/z 149 and 337 peaks 

relative to neighbouring peaks (e.g. the m/z 337 peak for DEG having a greater intensity 

than the m/z 336 peak indicated more than 1% w/w DEG contamination). 

 

 

Figure 6.16. The sensitivity of MALDI-ToF MS in detecting the m/z 149 peak for EG (panel A) and 

the m/z 337 peak for DEG (panel B) in spiked into PG and derivatised with benzoyl chloride. The 

spectra on the left of each panel show the true relative intensities of the m/z 149 and 337 peaks. 

The spectra on the right of each panel show the same peaks but with the tallest peak in the mass 

range shown set at 100% height to allow neighbouring peaks to be seen more clearly. The panels 

were zoomed-in from the original 0-900 m/z spectra. MALDI-ToF MS was able to detect down to 

0.5% and 0.05% w/w of EG and DEG, respectively (blue boxes). 
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Figure 6.17. The sensitivity of MALDI-ToF MS in detecting EG (panel A) and DEG (panel B) in spiked 

Covonia syrup matrix, derivatised using benzoyl chloride. The panels were zoomed in from the 

original 0-900 m/z spectra. MALDI-ToF MS was able to detect down to 0.1% w/w of both EG and 

DEG (blue boxes). 

 

6.4. Discussion 

 

The alcohols, glycerol, and PG, used in syrups, are converted by alcohol dehydrogenase 

and aldehyde dehydrogenase to acids, which are safe. While DEG and EG themselves 

are not toxic, they are converted by the same two enzymes into very toxic metabolites 

(Figure 6.1). I used alcohol dehydrogenase and aldehyde dehydrogenase enzymes in 

vitro to copy the metabolism which occurs in vivo for individuals who have consumed 

these alcohols. In the case of EG, it is metabolised to glycolic acid for which an oxidase, 

glycolate oxidase, exists, allowing it to be detected simply with a chromogenic or 

fluorogenic substrate (Figure 6.3 B-D). I am unaware of an oxidase for HEAA or any other 

metabolites for DEG. Also, an oxidase for HEAA may not help since little conversion of 
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DEG with alcohol dehydrogenase and aldehyde dehydrogenase was observed (Figure 6.3 

A). Therefore, further enzymatic assays for DEG were not explored.  

 

Table 6.2. A summary of the assays repurposed to detect DEG/EG contamination, with their limit 

of detection and proposed use in raw material quality control or finished product analysis 

Assay 

Initial 

intended 

use 

Repurposed 

for EG/DEG 

detection 

LoD (% w/w in matrix) Proposed use 

Ethanol assay Ethanol EG 

2.0% (in PG); 0.1-0.5% 

(in syrup) 

 

Raw material 

and finished 

product testing 

Glycolic acid 

assay 
Glycolic acid EG 

1.0% (in PG); 0.1% (in 

syrup) 

Raw material 

and finished 

product testing 

Alcohol strip 

tests (saliva or 

breast milk) 

Ethanol EG 

0.5% (in PG); 1.0-2.0% 

(in syrup) 

 

Raw material 

testing 

Alcohol breath 

test/breathalyser 
Ethanol DEG 1.0% v/v (in water) 

Raw material 

testing 

Polyethylene 

glycol (PEG) 

ELISA 

PEG DEG 
Only 5.0% v/v tested (in 

water) 

Custom 

antibody 

required 

MALDI-ToF MS 
Bacterial 

identification 
EG, DEG 

EG: 0.5% (in PG); 1.0% 

(in syrup) 

DEG: 0.05% (in PG); 

1.0% (in syrup) 

Raw material 

and finished 

product testing 

DEG, diethylene glycol; EG, ethylene glycol; ELISA, enzyme-linked immunosorbent assay; LoD, 

limit of detection; PG, propylene glycol; PEG, polyethylene glycol 

 

Alcohol dehydrogenase and aldehyde dehydrogenase could be used to determine 

EG and differentiate it from other alcohols (Table 6.2) and, when used in combination 



ASSAYS TO INVESTIGATE DEG AND EG CONTAMINATION 
 
 

186 
 

with a glycolic acid assay, could determine EG as low as 1% w/w in PG (Figure 6.5) and 

down to <0.1% w/w in some medicinal syrups (Figure 6.6).  

The glycolate oxidase used in this study was expected to be specific for glycolic 

acid, an alpha-hydroxy acid. Although the additional use of this enzyme did not work well 

with teenage/adult syrups containing ethanol, they did work successfully for ethanol-

containing Covonia down to below 0.1% w/w (Figure 6.6 D). This is most likely due to 

Covonia having low levels of ethanol (Figure 6.9 and Table 6.1) since it is suitable for 

children over 1 year old, in addition to teenagers and adults. Ethanol was not expected 

to interfere with the assay since it would have been converted to acetaldehyde by 

alcohol dehydrogenase and then oxidised by aldehyde dehydrogenase to acetic acid, 

which is not an alpha-hydroxy acid and not an expected substrate for glycolate oxidase. 

These assays could potentially be used in NRA laboratories, hospitals, or testing 

laboratories. Although a plate reader is required to measure the absorbance of NADH at 

340 nm, EG could also be determined without the need for a plate reader since the 

reduced fluorescent substrate was seen visually by eye as a pink colour (Figure 6.3 D). It 

may be possible for this enzymatic test to be developed into a low-cost and rapid pad-

based strip test using a cocktail of four enzymes (alcohol dehydrogenase, aldehyde 

dehydrogenase, glycolate oxidase and a peroxidase) and a chromogenic substrate such 

as tetramethylbenzidine to visualise a colour change. While this should work for raw 

materials, a potential problem is the testing of finished products since some syrups are 

coloured (Figure 6.9), which may hinder the visualisation of the colour change. To 

overcome this problem, a fluorogenic substrate could be used instead, since syrups are 

free from fluorescent excipients, and this approach potentially has the advantage of 

greater sensitivity. Rapid tests using fluorescence have successfully been visualised 
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simply using a low-cost UV torch (e.g. Hough COVID-19 Home test, Burleigh West, 

Australia). Due to the resource constraints of this study, I was unable to explore the 

possibility of developing such a rapid test. 

The potential use of a PEG ELISA in detecting DEG is shown (Figure 6.4), although 

a more sensitive and specific assay is required to meet the regulatory limits. The PEG 

ELISA was designed to detect the polyether chains of PEG molecules. Since DEG has an 

ether chain (Figure 6.1), the PEG ELISA was tested to see if it would detect DEG, although 

the level of detection was not sensitive enough. While the binding with DEG was poor, it 

is still encouraging that at least there was some, although small, preferential binding to 

DEG. The antibody in the kit recognises the polyether chain of PEG and was tested to see 

if it could recognise the ether in DEG. There was some weak preferential binding to DEG 

(lowest absorbance) compared to the other alcohols, although the difference was so 

minor that it is hard to differentiate DEG from the other alcohols, and the breathalysers 

were considerably better at detecting DEG. The poor performance of the PEG ELISA was 

not surprising since it uses an antibody specific to PEG instead of DEG. A custom 

antibody or aptamer against DEG, due to its ether group and differences in 

branching/topology, may improve binding and DEG detection. While it is possible to 

develop custom antibodies and aptamers for small molecules, it may be challenging to 

develop them to be specific for DEG, especially when levels of other alcohols, such as 

glycerol and PG could be present as excipients in the syrups at much higher 

concentrations. But if a custom antibody can recognise DEG, then the antibody may not 

bind to glycerol and PG as well, due to minor differences in branching, and such an 

antibody could potentially be used in a rapid test. While such an antibody or aptamer 

could be used in a low-cost test, this was not investigated due to the initial expensive 

development costs. 
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Conversion of EG was far higher than the other alcohols when using only alcohol 

dehydrogenase and aldehyde dehydrogenase (Figure 6.3 A). Since EG is converted with 

these enzymes more like ethanol than the other alcohols, I hypothesised that EG may 

also convert faster than the other alcohols with alcohol oxidase. This led me to evaluate 

alcohol rapid test strips which use alcohol oxidase, a peroxidase and a chromogenic 

substrate which turns blue in the presence of alcohol. By repurposing these alcohol test 

strips, I show that EG could be rapidly and simply detected and easily differentiated from 

glycerol and PG, which yielded negative results (Figure 6.8 A). This successfully worked 

with three different brands of saliva strips and two brands of breast milk strips (Figure 

6.7), suggesting that this approach may work with any brand of alcohol rapid test strips 

for testing raw materials. These rapid (2 minutes) and inexpensive (less than $1) strips 

do not require instrumentation and are easy to use with minimal training since they are 

designed for public use. The strips would be useful for syrup manufacturers for 

additional testing of incoming raw materials and checking for EG barrels, which have 

been mislabelled, such as the reported incidents in Indonesia (354) and Pakistan (343), 

where barrels containing pure EG were mislabelled as PG and used in the manufacturing 

without further raw material confirmation.  

The rapid alcohol strips were able to determine levels as low as 0.5% w/w EG in PG 

(Figure 6.8 B). While this does not meet the 0.1% w/w WHO regulatory threshold, it may 

help to prevent deaths and/or toxicity. This is only the case if 0.5% w/w is below the 

fatal/toxic concentration limits, although there is no published evidence for these 

clinical limits. In a similar way as discussed earlier, it may be possible to improve the 

sensitivity down to 0.1% w/w if a more sensitive fluorogenic substrate is used, but it was 

not possible to investigate this further. The strips were less sensitive when testing EG 

spiked into syrups (Figure 6.10), where detection was down to around 1-2% EG. Again, 
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while this is above the regulatory limit, it would have helped to determine major EG 

contamination, such as in Indonesia and therefore could have prevented toxicity and/or 

deaths. These test strips were only tested with glycerol and PG as excipients used in 

syrups, since these alcohols are commonly used in relatively large amounts, and recent 

cases of contamination have been with PG (343,354). However, the US FDA additionally 

recommend testing maltitol and sorbitol solutions for DEG and EG (355). We show that 

the alcohol strips show no sign of blue colour change with the maltitol-containing 

syrups, Benylin Infant and Calprofen, and the sorbitol-containing syrup, Dimetapp (Table 

6.1, Figure 6.9). This suggests that not only can these strips determine EG in PG and 

glycerol, but they could also be used to determine EG in both maltitol and sorbitol 

solutions received by syrup manufacturers. Furthermore, I show that the alcohol strips 

could successfully determine the presence of EG down to 1% w/w in a maltitol-

containing syrup, Benylin Infant (Figure 6.10). 

Disposable breathalysers were repurposed to determine DEG and EG (Figure 

6.11). They contain a proprietary oxidiser which changes from white to pink/brown with 

alcohol. Some disposable breathalysers contain potassium dichromate, which is orange 

in colour and changes to green in the presence of alcohol. I did not test potassium 

dichromate since it is extremely toxic and harmful, and therefore not feasible to be used 

in the field to determine DEG or EG. The advantage of the disposable breathalysers used 

is that it is safe to use since the chemical oxidiser is contained inside the plastic case of 

the breathalyser and would not come into contact with an inspector using it to detect 

DEG/EG. DEG was less reactive to the oxidiser in the breathalyser compared to glycerol 

and PG, allowing DEG to be successfully determined. EG did oxidise, but at a lower rate, 

allowing EG to be detected. While the breathalysers are low-cost (around $1) and the 

reaction is rapid (10 seconds) since a positive result was observed with glycerol and PG 
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and the test relies on a negative result for DEG (and slower positive for EG), the 

breathalysers can only be used for testing raw materials testing and cannot be used in 

finished products. Glycerol and PG oxidise to result in a dark brown colour, whereas 

when the rate of colour change is lower or almost none, a suspicion of probable EG or 

DEG contamination, respectively, could be raised. This method may be beneficial to 

prevent cases of DEG and EG contamination in medical products. Substandard 

Naturcold cough syrup was contaminated with 28.6% DEG in Cameroon (340) and with 

such a high contamination, it is highly possible that the barrels of raw material used 

contained neat DEG, since typically 20-30% glycerol and/or PG are used in medicinal 

syrups. Furthermore, these breathalysers could have helped to determine EG in 

Indonesia and Pakistan for the barrels which contained 96-100% EG (337,354).  

In terms of wider distribution of the methods, the alcohol strip tests and the 

alcohol breathalyser can potentially be incorporated into the inventory of non-

sophisticated, low-cost screening methods, assembled as a self-contained kit for 

testing on the spot, i.e. the Minilab from the Global Pharma Health Fund. Recently, 

Minilab has expanded its method inventory with a TLC-based test for impurities in liquid 

preparations for oral use, e.g. in cough syrups (356). 

MALDI-ToF mass spectrometers are widely available worldwide in most hospitals 

and diagnostic laboratories for microbial identification. I have recently used these 

devices to differentiate falsified vaccine surrogates from genuine vaccines (246,357), as 

described in Chapter 4. I investigated whether these instruments could also be used to 

detect DEG and EG contamination by evaluating the spectra profiles of raw materials or 

finished products.  

By derivatising the alcohols in DEG/EG spiked PG and Covonia cough syrups using 

benzoyl chloride, I optimised a method that was able to detect peaks corresponding to 
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EG and DEG (Figure 6.14). The derivatisation method (Figure 6.2) increased the ionisation 

and detection of alcohols in MALDI-ToF (Figure 6.14). The 149 m/z peak corresponding to 

the EG peak (EG [M+H]+) was detected in both EG and DEG spectra, while the specific 

337 m/z peak of the sodiated DEG peak (DEG [M+Na]+) was detected only in DEG spectra. 

In the PG matrix, the method was able to detect down to 0.5% and 0.05% of EG and DEG 

levels, respectively (Figure 6.16), the latter of which is lower than the regulatory limit of 

0.1%.   

Furthermore, in a more complex syrup matrix (Covonia cough syrup), the method 

was able to detect down to 1% for both EG and DEG (Figure 6.17). Although this detection 

limit of 1% is higher than the allowable regulatory limit of 0.1%, the method could save 

lives since it is unlikely that any contamination at 1% or lower would lead to deaths and 

toxicity. This novel approach can add to the currently available tests for EG and DEG 

contamination in LMICs, where GC-FID is not available but MALDI-ToF is already in place 

for microbial identification.   

 

In conclusion, both enzymatic assays and MALDI-ToF MS can be useful in 

detecting DEG and EG contamination in both raw materials and finished products. The 

enzymatic tests are considerably easier and safer to carry out than TLC, and MALDI-ToF 

is more widely available than GC. Together, these methods may be lifesaving by 

preventing deaths and toxicity. Future collaborations with local NRAs are needed to test 

the ability of the methods to detect DEG/EG contamination in real-life situations. 
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7 
Conclusion and future directions 

 

 This thesis outlines the development and evaluation of both therapeutic and preventive 

strategies aimed at combating coronaviruses, including SARS-CoV-2. The therapeutic 

component of this thesis focused on the discovery and characterisation of antiviral 

compounds targeting SARS-CoV-2. Within the COVID Moonshot initiative, a 

collaborative effort to develop SARS-CoV-2 main protease inhibitors, I have identified 

three promising preclinical leads through compound screening using a robust antiviral 

assay in human Calu-3 cells. These candidates demonstrated efficacy against both the 

early SARS-CoV-2 strain (ENG2/20) and the Omicron variant, with high specificity and 

minimal cross-reactivity against other human coronaviruses. Ongoing studies are 

evaluating these compounds for preclinical toxicology and in vivo efficacy, with the goal 

of preparing for phase I clinical trials. Other future studies may include continued 

monitoring of efficacy against emerging variants as well as the development of potential 

drug resistance. 

I also evaluated another therapeutic candidate, the iminosugar MON-DNJ, in the 

same cellular assay and showed it had a broad-spectrum antiviral activity with 

demonstrated efficacy against multiple SARS-CoV-2 variants as well as HCoV-OC43. 

This adds to the large body of knowledge on the use of iminosugars as host-targeting 

antivirals. MON-DNJ could either be given in a continuous low-dose treatment over 
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several days, where antiviral effects correlate with inhibition of the enzyme alpha-

glucosidase II (59). In this context, MON-DNJ has successfully completed a phase I 

clinical trial in humans, where the aim had been to develop it as a therapeutic against 

DENV. In this phase I clinical study, MON-DNJ showed no serious adverse events or 

dose-dependent increases in adverse events at doses up to 1,000 mg (63), which 

suggests that therapeutically relevant drug levels can be safely administered. Some 

adverse events were recorded, however, during the trial and are likely due to off-target 

inhibition of gastrointestinal-resident disaccharidases leading to osmotic diarrhoea. In 

a separate approach, it is envisaged that MON-DNJ could be given in a single high dose. 

This is based on a 2020 study (211), where the Zitzmann group and others showed that a 

single dose of MON-DNJ prevents virally induced death in mice infected with lethal 

doses of influenza virus or DENV, even if administered days after infection. In this case, 

protection correlates with inhibition of the enzyme alpha-glucosidase I. This raises the 

exciting prospect that it might be possible to develop an oral drug that could be 

administered in a single dose even after infection. The proof of concept that alpha-

glucosidase I plays an important part in the life cycle of some enveloped viruses comes 

from a study in the New England Journal of Medicine of two siblings, who were deficient 

in the target enzyme (alpha-glucosidase I) and whose cells were resistant to infection 

with certain viruses (358). The Zitzmann group is planning to develop MON-DNJ as a 

single-dose treatment in humans. Some phase I data are available (63). The next steps 

will be to repeat some of the preclinical toxicology and pharmacokinetics studies in 

animals, for those which so far were not done under good laboratory practices 

conditions, followed by a phase Ia safety study to determine the highest single ascending 

dose that can be safely achieved in humans. If this allows dose escalation up to 5 g 

administered in a single dose, it would be possible to safely inhibit ER alpha-glucosidase 
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I in humans, and the further plan would be to initially conduct a phase II influenza 

challenge study in humans. Should this prove successful, this approach could also be 

available in future for any newly emerging viruses with pandemic potential that depend 

on ER alpha-glucosidase I, including most likely coronaviruses. Such orally available 

host-targeting drugs might prevent an epidemic from turning into a pandemic and buy 

the time necessary to develop or identify and repurpose virus-specific DAAs.  

For the preventive part of my DPhil project, I investigated novel techniques to verify 

the authenticity and quality of vaccines and other medical products. I repurposed 

MALDI-ToF MS, which is widely accessible in clinical laboratories globally, and was able 

to distinguish genuine vaccines from falsified ones. This was achieved by analysing 

chemical signatures from vial labels and excipients in the vaccine formulation. The use 

of multivariate analysis and machine learning enhanced the robustness of spectral data 

interpretation. This approach—especially the focus on ionisable vial labels and adhesive 

ingredients—represents a novel, non-invasive strategy for vaccine authentication. The 

developed methods have now been published and can be used by regulatory agencies 

or research laboratories worldwide. 

Another problem encountered in the supply chain is the generation of substandard 

vaccines caused by environmental factors, such as exposure to high temperatures. In 

the absence of accessible tools and methods to detect this condition, I have proposed 

a simple, rapid, lower-cost assay to detect heat exposure by detecting the degradation 

of sucrose. In this thesis, I showed that sucrose degradation correlates inversely with 

vaccine potency, making it a promising novel indicator of vaccines being exposed to 

elevated temperatures and thus of cold chain failure. The method can be deployed and 

used by inspectors to check the quality of vaccines to prevent substandard vaccines. 
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Another major concern addressed in this study is the contamination of medicinal 

syrups with diethylene glycol and ethylene glycol, which has led to numerous fatalities 

worldwide. This research proposes the repurposing of existing breathalysers and alcohol 

enzymatic assays as low-cost and widely accessible methods for rapid DEG/EG 

detection. Both rapid alcohol strip tests and breathalysers proved effective in identifying 

contamination in raw materials and final products, offering a vital tool for resource-

limited settings.  

Collaborations with vaccine manufacturers and the WHO proved essential in this 

work and should be maintained to further refine and implement the developed 

methodologies. Engagement with NRAs, particularly in LMICs, will be key to evaluating 

the practical impact of these strategies in real-world settings. 

In summary, this study presents novel and practical approaches for enhancing 

both therapeutic and preventive responses to corona- and other viruses. From the 

screening of antiviral compounds to the development of accessible analytical tools for 

identifying SF medical products, these strategies have the potential to significantly 

contribute to pandemic preparedness and global health security.
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Appendix 

 

Appendix 1. A summary of small molecule directly acting antivirals tested in clinical trials for COVID-19, as published in Arman BY, et al. 2023. 

Drug name 
Initial 

development 
target 

Mechanism Trial 
attributes 

Clinical trial settings Readout Reference 

Lopinavir/ritonavir HIV Protease 
inhibitor Prospective 

An exploratory randomised controlled 
trial in patients with mild/moderate 
COVID-19 (n=86), in Guangzhou in 

2020. 

Little benefit in improving the 
clinical outcome of patients 

compared to no antiviral 
control. 

(Li et al. 2020) 

Lopinavir/ritonavir HIV Protease 
inhibitor Prospective 

A randomised, controlled, open-
label, platform trial in patients with 

COVID-19, admitted to 176 hospitals 
(n=1,616) in the United Kingdom in 

2020 (RECOVERY trial). 

Treatment was not associated 
with reductions in 28-day 
mortality, the duration of 

hospital stays, or the risk of 
progressing to invasive 

mechanical ventilation or 
death. 

(Horby et al. 
2020) 

Lopinavir/ritonavir HIV Protease 
inhibitor Prospective 

A randomised, controlled, open-label 
trial in hospitalised adult patients 

(n=199) with confirmed SARS-CoV-2 
infection in Hubei, China in 2020 
(Lopinavir Trial for Suppression of 

SARS-CoV-2 in China/ LOTUS China). 

No benefit was observed with 
treatment compared to 

standard care. 

(Cao et al. 
2020) 
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Lopinavir, ritonavir, 
ribavirin, and interferon 

beta-1b combination 
HIV Protease 

inhibitor 
Prospective 

A multi-centre, prospective, open-
label, randomised, phase 2 trial in 
adults (n=127) with COVID-19 at 6 

hospitals in Hong Kong in 2020, 
comparing lopinavir, ritonavir, 

ribavirin, and interferon beta-1b 
combination group and lopinavir and 

ritonavir control group. 

The combination group was 
safe and superior to lopinavir-

ritonavir alone in alleviating 
symptoms and shortening the 
duration of viral shedding and 
hospital stay in patients with 
mild to moderate COVID-19. 

(Hung et al. 
2020) 

Lopinavir (without 
interferon) HIV Protease 

inhibitor Prospective 

A randomised trial with intention to 
treat primary analysis in hospitalised 

patients with COVID-19. The study 
was conducted at 405 hospitals in 30 

countries (n=11,330) in 2020 (WHO 
SOLIDARITY trial). 

Little or no effect marked by 
no reduction in mortality, 
initiation of ventilation or 
hospitalisation duration. 

(WHO 
Solidarity Trial 
Consortium et 

al. 2021) 

Lopinavir/ritonavir HIV Protease 
inhibitor 

Retrospective 
observational 

study 

A multi-centre study to test the 
association of risk factors and 

therapies with in-hospital COVID-19 
mortality (n=3,451) in Italy in 2020 

(CORIST study). 

No change in death rate after 
treatment with lopinavir-

ritonavir. 

(Di 
Castelnuovo 
et al. 2021) 

 

Lopinavir/ritonavir 

 

HIV 

 

Protease 
inhibitor 

 

Prospective 

 

A randomised trial in critically ill 
patients from different countries 

(n=694) in 2020 (REMAP-CAP study). 

 

Worsened outcomes 
compared to no antiviral 

therapy. 

 

(Arabi et al. 
2021) 
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Lopinavir/ritonavir, 
lopinavir/ritonavir-

interferon (IFN)-β-1a 
HIV 

Protease 
inhibitor 

Prospective 

 

Multi-centre, open-label, 
randomised, adaptive, controlled trial 

in COVID-19 inpatients (n=603) 
requiring oxygen and/or ventilatory 
support, conducted at 30 sites in 
France and Luxembourg in 2020 

(DisCoVeRy trial). 

No improvement in clinical 
status at day 15 or SARS-CoV-
2 clearance in respiratory tract 

specimens compared to the 
standard care. 

(Ader et al. 
2021) 

Danoprevir with 
ritonavir booster 

HCV Protease 
inhibitor 

Prospective 

An open-label, single-arm study on 
the treatment of naïve and 

experienced COVID-19 patients 
(n=11, China, 2020) for the first time, 

with the rate of composite adverse 
outcomes as the primary endpoint. 

No composite adverse 
outcomes. 

(H. Chen et al. 
2020) 

Danoprevir HCV Protease 
inhibitor Prospective 

A comparative study between two 
treatment groups, danoprevir and 

lopinavir/ritonavir treatment (n=33) in 
Nanchang, China in 2020. 

Shorter duration of the time to 
achieve negative nucleic acid 

testing and hospital stay 
compared to the 

lopinavir/ritonavir group. 

(Zhang et al. 
2020) 

 

Darunavir/cobicistat 

 

HIV 

 

Protease 
inhibitor 

 

Prospective 

 

A single-centre, randomised, and 
open-label trial in mild patients with 
PCR-confirmed COVID-19 (n=30) in 

Shanghai, China in 2020. 

 

No increase in the proportion 
of conversion compared to the 

interferon alpha 2b and 
standard care control group. 

 

(J. Chen et al. 
2020) 
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Darunavir/cobicistat 

 

HIV Protease 
inhibitor 

Retrospective 
observational 

study 

 

A multi-centre study aimed at testing 
the association of risk factors and 

therapies with in-hospital COVID-19 
mortality (n=3,451) in Italy in 2020 

(CORIST study). 

No benefit was observed with 
treatment compared to 

standard care. 

(Di 
Castelnuovo 
et al. 2021) 

Darunavir/ritonavir in 
combination with 

hydroxychloroquine 
HIV 

Protease 
inhibitor Prospective 

Open-labelled, randomised 
controlled trial with an intention to 
treat protocol (n=113) in Thailand 

from Dec 2020 to Apr 2021. 

No virological or clinical 
benefit observed. 

(Nimitvilai et 
al. 2022) 

Darunavir/cobicistat HIV Protease 
inhibitor Retrospective 

Multi-centre observational study in 
Qatar in 2020 on adult patients 

(n=400) hospitalised due to COVID-
19. 

Less time to clinical 
improvement compared to 

treatment with lopinavir-
ritonavir. 

(Elmekaty et 
al. 2022) 

Nirmatrelvir/ritonavir SARS-CoV-
2/COVID-19 

Protease 
inhibitor Prospective 

A phase 2-3 double-blind, 
randomised, controlled multi-centre 
trial in 21 countries, in symptomatic, 

unvaccinated, non-hospitalised 
adults (n=2,246) at high risk for 

progression to severe COVID-19, 
conducted in 2021 in 21 countries. 

Lower risk of progression to 
severe COVID-19 compared to 

the placebo control. 

(Hammond et 
al. 2022) 

Nirmatrelvir/ritonavir SARS-CoV-
2/COVID-19 

Protease 
inhibitor Retrospective 

A multi-centre (11 hospitals and 55 
clinics in Minnesota, USA), 

retrospective review of patients 
evaluated for a diagnosis of COVID-19 

(n=66,007) in 2020-2022. 

Prevalent medical 
contraindications to 
nirmatrelvir/ritonavir. 

(Lim et al. 
2022) 
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Nirmatrelvir/ritonavir SARS-CoV-
2/COVID-19 

Protease 
inhibitor Retrospective 

An accelerated, randomised, double-
blind, placebo-controlled, phase I 

study, conducted in a Japanese 
cohort in 2021. 

Significant decrease in SARS-
CoV-2 viral load in patients 

and prevention of severe 
disease, hospitalisation, and 

death. 

(Singh et al. 
2022) 

Nirmatrelvir/ritonavir SARS-CoV-
2/COVID-19 

Protease 
inhibitor Prospective 

An open-label, multi-centre, 
randomised controlled trial in 

hospitalised adult patients (n=264) 
with severe COVID-19 comorbidities 
at 5 hospitals in Shanghai, China in 

2022. 

No significant reduction in the 
risk of all-cause mortality on 

day 28 and the duration of 
SARS-CoV-2 RNA clearance. 

(Liu et al. 
2023) 

Nirmatrelvir/ritonavir SARS-CoV-
2/COVID-19 

Protease 
inhibitor 

Prospective 

An open-label, multi-centre, 
randomised, controlled, phase 2 

adaptive pharmacometric platform 
trial in adult patients (n=383) with 

early symptomatic COVID-19 in 
Thailand, Brazil, Pakistan, and Laos in 

2022 (PLATCOV study). 

Ritonavir-boosted nirmatrelvir 
accelerated oropharyngeal 
SARS-CoV-2 viral clearance 

with significantly greater 
effect than molnupiravir.  

(Schilling et al. 
2023) 

 

Ensitrelvir 

 

SARS-CoV-
2/COVID-19 

 

Protease 
inhibitor 

 

Prospective 

 

A multi-centre, double-blind, phase 
2a part of a phase 2/3 study in mild to 

moderate patients with COVID-19 
(n=69), conducted in Japan from Sep 

2021 to Jan 2022. 

 

Reduction of SARS-CoV-2 RNA 
on day 4 and a decrease in the 
median time to infectious viral 

clearance compared to 
placebo. 

 

(Mukae et al. 
2022) 
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Ensitrelvir SARS-CoV-
2/COVID-19 

Protease 
inhibitor 

Prospective 

A multi-centre, double-blind, phase 
2b part of a phase 2/3 study in mild to 

moderate patients with COVID-19 
(n=341) in Japan and South Korea in 

2022. 

Favourable antiviral efficacy 
(as change from baseline in 
SARS-CoV-2 titer on day 4) 

and potential clinical benefit 
with an acceptable safety 

profile compared to placebo. 

(Mukae et al. 
2023) 

Ensitrelvir SARS-CoV-
2/COVID-19 

Protease 
inhibitor 

Prospective 

A multi-centre, randomised, double-
blind, placebo-controlled, phase 3 
study in mild to moderate patients 

with COVID-19 (Phase 3 part) in 
Japan, Korea, Singapore, and Vietnam 

started in 2022. 

Reduced time to the 
resolution of 5 symptoms in 

patients with mild-to-
moderate COVID-19 

compared to placebo. 

(Yotsuyanagi 
et al. 2023) 

Ensitrelvir SARS-CoV-
2/COVID-19 

Protease 
inhibitor Prospective 

A phase 1, multi-centre, single-arm, 
open-label study in healthy Japanese 

adult participants (n=42) in 2022 to 
investigate the effect of ensitrelvir on 

the pharmacokinetics of CYP3A 
substrates and assess the 

pharmacokinetics, safety, and 
tolerability following multiple-dose 

administration. 

Ensitrelvir at the clinical dose 
was well tolerated with no 

additional safety signal and 
can be co-administered with 

several CYP3A substrates 
likely to be used in COVID-19 

patients. 

(Shimizu et al. 
2023) 

Favipiravir Influenza virus RdRp 
inhibitor Prospective 

A randomised, open-label trial of 
early versus late therapy in 

adolescent and adult patients with 
COVID-19 (n=89) at 25 hospitals in 

Japan in 2020. 

No improvement of viral 
clearance by day 6, although 

there was a numerical 
reduction in time to 

defervescence. 

(Doi et al. 
2020) 
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Favipiravir Influenza virus RdRp 
inhibitor 

Prospective 

An adaptive, multi-centre, open-
label, randomised, Phase 2/3 clinical 
trial compared to the standard of care 

in hospitalised patients with 
moderate COVID-19 pneumonia 

(n=60) at 6 sites in Russia in 2020. 

Rapid antiviral response 
against SARS-CoV-2, shown 
by the higher proportion of 

patients who achieved 
negative PCR on Day 5 when 

treated using favipiravir 
compared to the control 

group. 

(Ivashchenko 
et al. 2021) 

Favipiravir 

 
Influenza virus RdRp 

inhibitor 

Prospective 

 

A randomised, open-label, parallel-
arm, multi-centre, phase 3 trial in 

adults (18-75 years) patients with RT-
PCR confirmed COVID-19 and mild-
to-moderate symptoms (including 
asymptomatic) (n=150) in India in 

2020. 

No statistically significant 
result on the primary endpoint 

of time to RT-PCR negativity. 

(Udwadia et 
al. 2021) 

Favipiravir combined 
with inhaled interferon 

beta-1β 
Influenza virus RdRp 

inhibitor Prospective 

A randomised, open-label controlled 
trial in adults hospitalised with 
moderate to severe COVID-19 

pneumonia (n=89) in Oman in 2020. 

No difference in clinical 
outcome compared to the 

standard arm 
hydroxychloroquine. 

(Khamis et al. 
2021) 

 

Favipiravir 

 

Influenza virus 

 

RdRp 
inhibitor 

 

Prospective 

 

A randomised exploratory trial in 
hospitalised adult patients with 

COVID-19 (n=30) in Zhejiang, China in 
2020. 

 

No clinical improvement 
compared to the standard 

care. 

 

(Lou et al. 
2021) 
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Favipiravir Influenza virus 
RdRp 

inhibitor Prospective 

A phase 2, double-blind, randomised, 
controlled outpatient trial in 

asymptomatic or mildly symptomatic 
adults with a positive SARS-CoV-2 RT-

PCR within 72 hours of enrolment 
(n=149) in California, USA, in Jul 2020 

– Mar 2021. 

No clinical benefit shown as 
no difference in shedding 

cessation time, and time to 
symptom resolution, 

compared to placebo. 

(Holubar et al. 
2022) 

Favipiravir Influenza virus 
RdRp 

inhibitor Prospective 

A phase 2, randomised placebo-
controlled phase 2 trial of favipiravir 

versus matched placebo in 
individuals infected with COVID-19 

and 5 days or less of symptoms 
(n=199) in Australia in Jul 2020 – Sep 

2021. 

No improvement on the time 
to virological cure or clinical 

outcomes, and no evidence of 
an antiviral effect in early 
symptomatic COVID-19 

infection. 

(McMahon et 
al. 2022) 

Favipiravir Influenza virus RdRp 
inhibitor Prospective 

A phase 3, multi-centre, open-label, 
randomised controlled trial of oral 
favipiravir in adult patients (n=499) 

who were newly admitted to hospital 
with proven or suspected COVID-19 
across 5 sites in the UK, Brazil, and 

Mexico in 2020-2021 (PIONEER trial). 

No significant difference in 
time to recovery and serious 

adverse events. 

(Shah et al. 
2023) 

Favipiravir Influenza virus RdRp 
inhibitor Prospective 

A triple-blind, randomised, placebo-
controlled trial in mild to moderate 

adult patients in an outpatient setting 
(n=77) in Iran in Dec 2020 – Mar 2021. 

No reduction in 
hospitalisation rate. 

(Vaezi et al. 
2023) 
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Remdesivir EBOV 
RdRp 

inhibitor Prospective 

A double-blind, randomised, 
placebo-controlled trial in adults who 
were hospitalised with Covid-19 and 

had evidence of lower respiratory 
tract infection (n=1,062) in the United 

States, Denmark, UK, Greece, 
Germany, Korea, Mexico, Spain, 

Japan, and Singapore in 2020 (ACTT-1 
study). 

A shorter time to recovery was 
observed in patients treated 
with remdesivir compared to 

placebo. 

(Beigel et al. 
2020) 

Remdesivir EBOV RdRp 
inhibitor Prospective 

A randomised, open-label, phase 3 
trial involving hospitalised patients 
with severe COVID-19 (n=397) at 55 
hospitals in the United States, Italy, 

Spain, Germany, Hong Kong, 
Singapore, South Korea, and Taiwan 

in 2020. 

No significant difference 
between a 5-day and 10-day 

course, and no clinical benefit 
compared to placebo control. 

(Goldman et 
al. 2020) 

Remdesivir EBOV RdRp 
inhibitor Prospective 

A randomised, open-label trial in 
hospitalised patients (n=596) with 
moderate COVID-19 in the United 
States, Europe, and Asia in 2020. 

No significant clinical status 
difference at 11 days 

compared to the standard 
care. 

(Spinner et al. 
2020) 

Remdesivir EBOV RdRp 
inhibitor Prospective 

A randomised, double-blind, 
placebo-controlled, multi-centre trial 

in hospitalised adults with severe 
COVID-19 (n=237) in Wuhan, Hubei, 

China in 2020. 

No significant difference in 
time to clinical improvement 

compared to placebo. 

(Wang et al. 
2020) 
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Remdesivir EBOV RdRp 
inhibitor 

Prospective 

A randomised, multi-centre, open 
control, in hospitalised adult patients 

with a diagnosis of COVID-19 
(n=11,330) at 405 hospitals in 30 

countries in 2020 (WHO Solidarity 
trial). 

Little or no effect marked by 
no reduction in mortality 

before or after day 28, 
initiation of ventilation or 
hospitalisation duration. 

(WHO 
Solidarity Trial 
Consortium et 

al. 2021) 

Remdesivir EBOV RdRp 
inhibitor Prospective 

A randomised, double-blind, 
placebo-controlled trial involving 

non-hospitalised patients with 
COVID-19 who had symptom onset 
within the previous 7 days and who 

had at least one risk factor for 
disease progression (age ≥60 years, 

obesity, or certain coexisting medical 
conditions) (n=562), at 64 sites in the 
United States, Spain, Denmark, and 
the United Kingdom, Sep 2020 – Apr 

2021 (PINETREE study). 

Remdesivir, given in a 3-day 
course, showed an 

acceptable safety profile and 
resulted in an 87% lower risk 

of hospitalisation or death 
compared to placebo. 

(Gottlieb et al. 
2022) 

 

Remdesivir-
dexamethasone 

 

EBOV 

 

RdRp 
inhibitor 

 

Prospective 

A controlled non-randomised study in 
COVID-19 patients requiring 

supplemental oxygen therapy (n=151) 
in Italy in 2021. 

 

Significant reduction in 
mortality, length of 

hospitalisation, and faster 
SARS-CoV-2 clearance, 

compared to dexamethasone 
alone. 

 

(Marrone et al. 
2022) 
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Molnupiravir VEEV RdRp 
inhibitor 

Prospective 

A phase Ib/IIa, dose-escalating, 
open-label, randomised, controlled 
trial in adult outpatients with PCR-
confirmed SARS-CoV-2 infection 
within 5 days of symptom onset 

(n=18) in the United Kingdom in 2020. 

Molnupiravir is safe and well-
tolerated. 

(Khoo et al. 
2021) 

Molnupiravir VEEV RdRp 
inhibitor Prospective 

A randomised, controlled trial in 
patients with mild or moderate 
COVID-19 (n=116) in Shenzhen, 

China in Mar 2022. 

Acceleration of SARS-CoV-2 
Omicron variant RNA 
clearance in patients, 

compared to the standard of 
care. 

(Zou et al. 
2022) 

Molnupiravir VEEV 
RdRp 

inhibitor Prospective 

A phase 2a double-blind, placebo-
controlled, randomised, multi-centre 

clinical trial in unvaccinated 
participants with confirmed SARS-

CoV-2 infection and symptom 
duration of less than 7 days (n=204) in 
the United States from Jun 2020 – Jan 

2021. 

Acceleration of viral RNA and 
infectious virus clearance, 

compared to placebo control.  

(Fischer et al. 
2022) 

Molnupiravir VEEV 
RdRp 

inhibitor Prospective 

A randomised, double-blind, 
placebo-controlled, multi-centre 
phase 3 trial in non-hospitalised 

adults with mild to moderate COVID-
19 (n=1,433) at 107 sites globally in 

2020 - 2022 (MOVe-OUT study). 

Reduction of hospitalisation 
duration and death compared 
to the placebo control group. 

(Johnson et al. 
2022) 
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Molnupiravir VEEV RdRp 
inhibitor 

Prospective 

A phase 3, double-blind, randomised, 
placebo-controlled trial in non-

hospitalised, unvaccinated adults 
with mild-to-moderate, laboratory-

confirmed COVID-19 and at least one 
risk factor for severe COVID-19 

(n=1,433) in 2021, globally (MOVe-
OUT study). 

Reduction of the risk of 
hospitalisation or death 

compared to the placebo 
group. 

(Jayk Bernal et 
al. 2022) 

Molnupiravir VEEV RdRp 
inhibitor Prospective 

A randomised, placebo-controlled, 
double-blind, phase 2 trial in adult 
(aged ≥18 years) outpatients with 

PCR-confirmed, mild-to-moderate 
SARS-CoV-2 infection (n=180) in the 

United Kingdom in 2020 (AGILE CST-2 
study). 

Inconclusive evidence of 
antiviral activity in vaccinated 

and unvaccinated patients. 

(Khoo et al. 
2023) 

Molnupiravir VEEV RdRp 
inhibitor Prospective 

A multi-centre, open-label, 
multigroup, platform adaptive 

randomised controlled trial involving 
26,411 participants in the community 
in the United Kingdom from Dec 2021 
– Apr 2022 (PANORAMIC trial study). 

No reduction in the frequency 
of COVID-19-associated 

hospitalisations or deaths 
among high-risk vaccinated 

adults. 

(Butler et al. 
2023) 

Molnupiravir VEEV RdRp 
inhibitor Prospective 

A phase 3, randomised, placebo-
controlled trial in non-hospitalised at-

risk adults with mild-to-moderate 
COVID-19 and immunocompromised 
status (n=55) in 2021, globally (MOVe-

OUT study). 

Increased clearance of 
infectious virus compared to 

the placebo control, 
efficacious in 

immunocompromised 
patients. 

(Johnson et al. 
2023) 
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Azvudine/FNC HIV RdRp 
inhibitor 

Prospective 

A randomised, open-label, controlled 
trial comparing azvudine and 

symptomatic treatment (FNC group, 
n=10) to standard antiviral and 

symptomatic treatment (control 
group, n=10) in mild COVID-19 

patients in Guangshan, China in 
2020. 

Shorter duration of the mean 
times of the first nucleic acid 

negative conversion. 

(Ren et al. 
2020) 

Azvudine/FNC HIV RdRp 
inhibitor Retrospective 

A single-centre, retrospective cohort 
study in hospitalised patients (n=245 

for each Azvudine and matched 
control groups) from Dec 2022 to Jan 

2023 in Hunan, China. 

Substantial clinical benefits in 
the composite disease 

progression outcome of 
hospitalised patients with 
COVID-19 and pre-existing 

conditions. 

(Sun et al. 
2023) 

Azvudine/FNC HIV RdRp 
inhibitor Retrospective 

A retrospective, real-world clinical 
study in hospitalised COVID-19 

patients comparing azvudine (n=281) 
with nirmatrelvir-ritonavir (n=281) 

from Dec 2022 to Jan 2023 in Hunan, 
China. 

A lower crude incidence rate 
of composite disease 
progression outcome 

compared to the nirmatrelvir-
ritonavir group. 

(Deng et al. 
2023) 

Sofosbufir/daclatasvir 
and ribavirin HCV 

RdRp 
inhibitor Prospective 

A single-centre randomised 
controlled trial in adults with 

moderate COVID-19 (n=48) in Iran in 
2020. 

No difference between the 
experimental group compared 
to the standard care control. 

(Abbaspour 
Kasgari et al. 

2020) 
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Sofosbuvir/daclatasvir HCV RdRp 
inhibitor 

Prospective 
A single-centre, open-label, parallel 
trial in hospitalised patients (n=62) 

with severe COVID-19 in Iran in 2020. 

No decrease in mortality 
compared to the ribavirin 

control group. 

(Eslami et al. 
2020) 

Sofosbuvir/daclatasvir HCV RdRp 
inhibitor Prospective 

An open-label, multi-centre, 
randomised, controlled clinical trial 

in adults with moderate or severe 
COVID-19 (n=66) in Iran in 2020. 

A reduced duration of hospital 
stay compared to standard 

care. 

(Sadeghi et al. 
2020) 

Sofosbuvir/ledipasvir HCV RdRp 
inhibitor Prospective 

A single-centre, open-label, 
randomised clinical trial in patients 

with mild to moderate COVID-19 
(n=82) in Iran in 2020. 

No difference in clinical 
response, duration of hospital 

and ICU stay, or 14-day 
mortality compared to the 

standard care control. 

(Khalili et al. 
2020) 

Sofosbuvir/daclatasvir 
with 

hydroxychloroquine 
HCV RdRp 

inhibitor 
Prospective 

A randomised, controlled, single-
centre clinical trial in outpatients with 
mild COVID-19 (n=55) in Iran in 2020. 

No clinical symptoms 
alleviation compared to the 

hydroxychloroquine-only 
control group. 

 

(Roozbeh et 
al. 2021) 

 

Sofosbuvir/daclatasvir 

 

HCV 

 

RdRp 
inhibitor 

 

Prospective 

 

A placebo-controlled, double-blind, 
randomised clinical trial in adults 

hospitalised with COVID-19 (n=1,083) 
at 19 hospitals in Iran in 2020. 

 

No effect on patients’ hospital 
discharge or survival 

compared to the placebo 
control. 

 

(Mobarak et 
al. 2022) 



 
 

241 
 

Sofosbuvir/ledipasvir HCV RdRp 
inhibitor 

Prospective 

A single-blinded parallel-randomised 
controlled trial of patients (n=250) 

treated with sofosbuvir/ledipasvir in 
the intervention group and 

oseltamivir, hydroxychloroquine, and 
azithromycin (OCH group) in the 

control group, conducted in Egypt in 
2020. 

Reduced time to patients’ 
recovery and time of hospital 
stay compared to the control 

group. 

(Elgohary et 
al. 2022) 

FNC, 2 -deoxy-2 -β-fluoro-4 -azidocytidine; EBOV, Ebola virus; HIV, human immunodeficiency virus; HCV, hepatitis C virus; RdRp, RNA-dependent RNA 
polymerase; VEEV, Venezuelan equine encephalitis virus 
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Appendix 2. A summary of ionisation methods used in mass spectrometry. Extracted and summarised from McCullagh JSO and Oldham NJ. 

2019. Mass Spectrometry. Oxford University Press. 

Ionisation Method Principle of ion formation Application 
Optimal mass 

range 
Field of use 

Instrument 

modification/interface 

1. Ionisation of vaporised samples 

Electron ionisation 

(EI) 

Interaction between a high-

energy electron (70 eV) and a 

neutral analyte 

Analysis of organic 

compounds in the 

gas phase and 

volatile, thermally-

stable compounds 

< 1000 Da 

Metabolomic and 

environmental 

residue analysis 

Gas chromatography (GC)-

EI-Orbitrap 

Chemical ionisation 

(CI) 

Electron beam is used to ionise 

reagent gas molecules (methane, 

ammonia), forming reagent-gas 

radical cations. 

There is also a possibility for 

negative ion formation 

Analysis of small 

organic compounds, 

including amines, 

alcohols, nitriles, 

nitro-containing 

compounds, and 

acidic compounds 

(via negative ion 

formation) 

< 1000 Da 

Organic 

compound 

analysis 
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Inductively coupled 

plasma ionisation 

(ICP) 

The process of electron removal 

from analyte atoms, where a 

sample in gaseous or aerosol 

form is introduced into an argon 

plasma 

 

Analysis of metals  

Geochemistry, 

geochronology, 

archaeology 

With GC-MS and liquid 

chromatography (LC)-MS 

Field ionisation (FI) 

Localised electric field to form 

radical cations and anions, and 

sometimes secondary, 

protonated, or deprotonated 

molecules 

Volatile, thermally-

stable compounds 
  Superseded by MALDI 

2. Desorption ionisation 

Matrix-assisted laser 

desorption ionisation 

(MALDI) 

A pulsed transfer of laser energy 

(CO2 (IR) or nitrogen (UV)) to a co-

crystallised mixture of analyte 

and a matrix (small organic 

aromatic acid which is strongly 

absorbing at the wavelength of 

the laser). This leads to a rapid 

local heating, expansion, and 

vaporisation of the mixture, 

forming a small local gas plume. 

Higher molecular 

weight compounds 

 

 

Up to 500 kDa 

Proteomics, 

metabolomics 

(protein, peptide, 

lipid, nucleotide, 

oligonucleotide, 

oligosaccharide 
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Secondary ion mass 

spectrometry (SIMS) 

Secondary ions are produced 

from a high-energy primary ion 

beam (caesium ions) which 

bombard the surface of a sample 

material 

Surface analysis on 

solids, 

semiconductors, 

glass, stainless 

steel, meteorites, 

fuel cells, museum 

artefacts, alloys, 

and biomaterials 

300 – 13,000 Da 

Material science 

and surface 

chemistry 

 

Fast atom 

bombardment (FAB) 

Secondary ions bombardment 

from a neutral atom beam (xenon 

or neon) 

Analysis of liquid 

matrix in a low-

volatility solvent in 

which the sample is 

dissolved and 

ionisation occurs at 

the surface of the 

matrix 

 

Similar to SIMS 

Protein, 

biological 

molecule 

Superseded by electrospray 

ionisation and MALDI 

Field desorption 

 

Similar to FI, however, the sample 

is coated onto a needle electrode 

and allowed to dry 
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3. Atmospheric pressure ionisation 

Electrospray 

ionisation (ESI) 

Rapid evaporation of solvent 

droplets containing dissolved 

analyte molecules, in a strong 

electric field (Taylor cone 

formation) 

Wide range of 

organic and 

biological 

compounds 

Wide range 

Environmental 

analysis, 

toxicology, drugs 

of abuse and 

doping control, 

pesticide 

analysis, 

biologicals 

(metabolites, 

protein, 

peptides, 

oligonucleotides) 

 

Interfaced with LC 

Atmospheric pressure 

chemical ionisation 

(APCI) 

A heated nebuliser converts a 

liquid eluent stream into gas-

phase molecules by rapid 

heating. A neutral, rather than 

charged, spray is produced from 

the probe 

 

   

Interfaced with high-

performance or ultra-high-

performance liquid 

chromatography (HPLC or 

UPLC) 



 
 

253 
 

Atmospheric pressure 

photoionisation (APPI) 

The use of a high-energy photon 

irradiation (from UV light) to 

ionise molecules in the gas 

phase. 

Pharmaceutical, 

clinical, and 

environmental 

monitoring 

applications 

 

Steroids, sterols, 

other 

hydrophobic 

compounds 

 

4. Hybrid ambient ionisation 

Desorption 

electrospray 

ionisation (DESI), 

direct analysis in real-

time (DART), 

atmospheric pressure 

solids analysis probe 

(ASAP), etc 

Direct analysis of the sample with 

little or no sample preparation, 

ionisation occurring at 

atmospheric pressure, 

desorption of ions from the 

surface of samples, hybrid or 

multiple mechanisms of ion 

formation 

    

DESI: The process resembles ESI, 

but rather than the analyte being 

dissolved in the solvent spray, the 

charged droplets of solvent are 

directed at the surface of the 

sample 
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DART: A dry stream of 

electronically excited neutral gas 

atoms (He) which are heated and 

directed at the sample 

DART: Forensic, 

environmental, food 

analysis 

applications 

 

Non-polar, 

neutral 

molecules, 

explosives, 

cosmetics, soils, 

food 

 

ASAP: Rapid heating of solids or 

liquids transferred or evaporated 

onto an inert surface, ionisation 

by a coronal discharge in a 

similar way to APCI 

ASAP: Forensic, 

environmental, 

biological, and 

pharmaceutical 

applications 
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I believe so that I may understand 
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