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Abstract

The Coronavirus Disease 19 (COVID-19) pandemic highlighted the lack of preparedness among
countries for managing pandemic risks and underscored the importance of integrating clinical and
environmental surveillance to control outbreaks This dissertation investigates the environmental
monitoring of SARS-CoV-2 on surfaces in healthcare and community settings. However, the first
phase of the study suffered from the absence of reagents and consumables suitable for pathogen
detection on surfaces, complex matrices rich in substances inhibiting nucleic acid amplification
reactions (e.g., organic material, salts, detergents, disinfectants, etc.). As a consequence, in this phase,
clinical assays and analytical methods (developed for plasma, blood, urine, etc.) were successfully
adopted. Given the progressive development of pathogen detection methods for environmental
matrices, the second phase of this project focused on the evaluation of these new systems and

comparing them with systems previously adopted.

In the first phase of the study, a total of 118 surface samples were collected using FLOQSwabs®
(Copan, Brescia, Italy) covering an area of 25 cm?. Samples were analyzed using three molecular
techniques: Loop-mediated isothermal amplification (LAMP, Enbiotech, Palermo, Italy), droplet
digital PCR (ddPCR, Bio-Rad, Hercules, California, US), and Real-Time qPCR (RT-qPCR, Seegene,
Seoul, South Korea). Following heat deactivation, RNA extraction was performed using two methods
for ddPCR: a spin-column method, the Ql1Aamp Viral RNA Mini Kit (QIAGEN, Hilden, Germany -
QIA) and a chemically driven method, the TRIzol LS Reagent (Invitrogen, Waltham, Massachusetts,
US - TRI) showing how the first is more suitable for surfaces. Therefore, only RNA samples obtained
through spin column method were analyzed in RT-gPCR. Before RT-LAMP analysis, a direct RNA
isolation using LAMP extraction buffer provided by RT-LAMP kit was carried out from swab
samples. The percentage of positive samples identified by each technique was as follows: LAMP
26%, QIA extraction ddPCR 36%, TRI extraction ddPCR 11% and RT-qPCR 23%.

The second phase was developed from the first one and focused on performing RT-gPCR of the same
samples using the SARS-CoV-2 Surface kit from Diatheva (Diatheva, Cartoceto, Italy). Given the
differences between the two extraction methods previously adopted, only samples extracted by using
the QIA Kit were tested with this assay. The percentage of positive samples identified by Diatheva
RT-gPCR was 47%, higher than the methods previously described. Comparing the results obtained

with the two RT-gqPCR Kits, the percentage of overall concordance (OC) observed was of 65%.



Consequently, the Seegene kit could detect more false negatives when used for surface samples, being

validated for clinical samples, where the virus is more concentrated and stable.

Considering these findings, combining clinical and environmental knowledge is the key strategy to
successfully overcome the challenges posed by new and emerging diseases. Only combined with
environmental surveillance, clinical surveillance will represent a tool to understand pathogenic
dynamics and prevent not only the spread of infections but also ensure a better management of future
emerging diseases.

Keywords: SARS-CoV-2, COVID-19, Pandemic Management, Emerging Diseases, Environmental
Surveillance, Surface Monitoring, Interdisciplinary Approach, Molecular Biology, Loop-mediated
isothermal amplification (LAMP), droplet digital PCR (ddPCR), Real-Time PCR (RT-gPCR).
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Aim of the PhD project

This project arises from the need to respond promptly to the emergence and uncontrolled spread of
future infectious diseases by applying the lessons learned from the COVID-19 pandemic. These
include the numerous lives lost, the emotional strain from social distancing, the stress conditions
experienced by the healthcare workers and the economic impact on nations.

In particular, the project aims to highlight how an interdisciplinary approach can make the difference
in managing large-scale health emergencies. Additionally, it underscores the importance of studying
a pathogen's environmental behavior (i.e. examining its changes, stability and susceptibility to
physical and chemical agents) to better anticipate and react to outbreaks before they escalate into full-
blown health crises.

From these premises, the first phase of the study aims to assess the presence of SARS-CoV-2 in
healthcare and community settings through surface sampling and analysis. The collected samples
were analyzed using three molecular biology techniques: RT-qPCR, considered the gold standard for
clinical pathogen detection, droplet digital PCR (ddPCR), which can detect low concentrations
targets, and the rapid and user-friendly RT-LAMP method. With the exception for RT-LAMP, this
phase of the project involved clinical assays to perform molecular biology analysis. The second phase
was developed from the first and focused on performing RT-gPCR of the same samples, using an
assay specifically developed for surface samples. The results from each method were compared to
determine the most suitable approach for monitoring surface hygiene and to lay the groundwork for
establishing an environmental monitoring protocol for SARS-CoV-2 in the absence of standard
guidelines.

By building on the foundation laid in these aims, the following research will contribute to a greater
understanding of how environmental monitoring can be optimized and implemented as part of a

comprehensive strategy against not just COVID-19, but also for other infectious diseases.

12



The GVM Care & Research Group has contributed to the study by allowing access to its facilities to
support environmental sampling campaign. In particular, the sampling campaign was carried out
mainly at the Maria Cecilia Hospital in Cotignola (RA), which was designated as the partner company

for this PhD project.
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Chapter 1. Introduction to SARS-CoV-2

1. Introduction to COVID-19 and Environmental Monitoring of SARS-CoV-2

The Coronavirus Disease 19 (COVID-19) pandemic, caused by the novel Severe Acute Respiratory
Syndrome Corona Virus 2 (SARS-CoV-2), has profoundly impacted global health, economies, and
societies since its emergence in late 2019. This unprecedented public health crisis has highlighted the
critical need for effective monitoring strategies to control the spread of viruses and prevent future
outbreaks [1]. Among these strategies, environmental monitoring has emerged as a vital tool in

understanding the dynamics of viral transmission and in guiding public health interventions.
2. Timeline of pandemic events

The first known cases of COVID-19 were reported in December 2019 in Wuhan, a major city in the
Hubei province of China. Patients presented with symptoms of an unknown etiology pneumonia,
which led to a rapid investigation by Chinese health authorities. On December 31, 2019, the World
Health Organization (WHO) was alerted to a cluster of cases of "viral pneumonia” in Wuhan, and by
January 2020, the virus rapidly spread within Wuhan and to other parts of China, despite early efforts
to contain the outbreak. On January 23, 2020, the Chinese government imposed a strict lockdown on
Wuhan, a measure that was unprecedented in scale and duration. Despite these efforts, cases began
to appear in other countries, particularly in Southeast Asia, through travelers from China. On January
30, 2020, the WHO declared the outbreak of the Public Health Emergency of International Concern
(PHEIC), signaling the seriousness of the situation and the potential for global spread. At this point,
cases had been confirmed in multiple countries across different continents, including the United
States, Europe, and Australia. As the virus continued to spread, the number of cases and fatalities
grew exponentially. On March 11, 2020, the WHO officially declared COVID-19 as pandemic, the

first time such a declaration had been made since the HIN1 influenza pandemic in 2009 [2,3]. This
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marked a turning point in global awareness and response, as governments around the world began to
implement widespread public health measures, including lockdowns, travel restrictions, and social

distancing mandates [2].

The declaration of a pandemic spurred an unprecedented global response. Researchers and
pharmaceutical companies quickly mobilized to develop diagnostics, treatments, and vaccines. The
rapid sequencing of the SARS-CoV-2 genome, shared by lItalian scientists in January 2020, was a

critical step that facilitated the development of diagnostic tests and the design of vaccines [4].

The global scientific community responded with remarkable speed, leading to the development of
multiple vaccines within a year of the virus's discovery. By December 2020, the first COVID-19
vaccines, developed by Pfizer-BioNTech and Moderna, received emergency use authorization from
regulatory bodies such as the U.S. Food and Drug Administration (FDA) and European Medicine
Agency (EMA) [5,6]. The rollout of vaccines marked a significant milestone in the fight against the
pandemic, although challenges in production, distribution, and public acceptance varied across
different regions. As vaccination campaigns progressed, new variants of SARS-CoV-2 began to
emerge, some of which were more transmissible and potentially more resistant to existing immunity.
The Alpha variant, first identified in the United Kingdom, and the Delta variant, first identified in

India, were particularly concerning due to their increased transmissibility and impact on public health
[2].

By mid-2022, many countries had achieved significant progress in controlling the spread of COVID-
19 through vaccination and other public health measures. As a result, several nations began to lift
emergency measures and transition to managing COVID-19 as an endemic disease. In May 2023, the

head of WHO declares the end of COVID-19 as a global health emergency [7].
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3. SARS-CoV-2 taxonomy and structure

SARS-CoV-2, the virus responsible for COVID-19, belongs to the family Coronaviridae, a large
family of viruses known to infect animals and humans. Within this family, it falls under the genus
Betacoronavirus, which also includes the viruses responsible for Severe Acute Respiratory Syndrome
(SARS) and Middle East Respiratory Syndrome (MERS). The classification of SARS-CoV-2 is as

follows:

Order: Nidovirales;

- Family: Coronaviridae;

- Subfamily: Orthocoronavirinae;
- Genus: Betacoronavirus;

- Subgenus: Sarbecovirus;

- Species: Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2).

The genus Betacoronavirus is further divided into lineages, with SARS-CoV-2 being part of the B
lineage, along with the original SARS-CoV identified in 2002. This taxonomic placement
underscores the genetic and structural similarities between SARS-CoV-2 and other coronaviruses,

particularly in terms of their mechanisms of infection and transmission [8].

SARS-CoV-2 is an enveloped virus with a positive-sense single-stranded RNA genome,
approximately 30 kilobases in length. The virus's structure, represented in Figure 1, is characterized
by several key components that play crucial roles in its ability to infect host cells and evade immune

responses.
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Figure 1 Coronaviruses structure (80-120 nm) exhibiting various structural proteins, i.e. Spike,

Membrane, Envelope, and genomic RNA packed inside the particle by Nucleocapsid protein [8].

The Spike glycoprotein (S) is perhaps the most critical structural component of SARS-CoV-2,
mediating the virus's entry into host cells. It consists of two subunits, S1 and S2, with the S1 subunit
containing the Receptor-Binding Domain (RBD) that specifically binds to the Angiotensin-
Converting Enzyme 2 (ACE2) receptor on human cells. This interaction facilitates the fusion of the
viral envelope with the host cell membrane, allowing the viral RNA to enter the host cell and begin
replication. The Membrane protein (M) is involved in shaping the virus and is essential for the
assembly of viral particles. It interacts with other structural proteins, particularly the Spike protein
(S), to form the viral Envelope protein (E). Although smaller and less abundant than other structural
proteins, the envelope protein plays a role in viral assembly and release. It is also implicated in the
virus's ability to modulate host cell environments to favor replication. Nucleocapsid protein (N) binds
to the viral RNA genome, forming a protective nucleocapsid that is essential for maintaining the
RNA's stability. SARS-CoV-2 presents a sSSRNA genome of SARS-CoV-2 of size between 26.2 and
31.7 kb with varied G+C contents of 32% to 43%. It encodes for both Structural and Non-Structural
Proteins (SPs and NSPs) that are involved in the replication of the virus. These NSPs include key

enzymes such as the RNA-dependent RNA polymerase (RdRp), which is the target of antiviral drugs
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like Remdesivir. In fact, the structural components of SARS-CoV-2 not only determine its infectivity
and pathogenicity but also provide targets for diagnostics, treatments, and vaccines. For instance, the
spike protein is the primary target of neutralizing antibodies generated by vaccines, which aim to

block the virus's ability to enter cells.
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Figure 2 Representation of SARS-CoV-2 life cycle in the host cells [9]

SARS-CoV-2 enters in the host cells by an endocytosis process enhanced by the interaction between
the S protein and the ACE2 receptor presented by the host cells. The virus releases its RNA into the

cytoplasm once it has entered the cell. The ORFla or ORFlab regions in the viral RNA are
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subsequently translated into polyproteins by the host's ribosomes. After being cleaved, these
polyproteins form the NSPs required to form transcription and replication complexes. Once protein
synthesis is completed the newly formed viral particles are assembled within the endoplasmic
reticulum and Golgi apparatus. The virions are then transported to the cell membrane and exocytosed,

completing the viral life cycle [8,9].

4. Spillover and route of transmission

One of the most critical aspects of the emergence of SARS-CoV-2 is its zoonotic origin, referring to
its transmission from animals to humans in what is known as a "spillover" event. Although the exact
source of SARS-CoV-2 is still under investigation, it is widely believed that the virus originated in
bats, similarly to other coronaviruses like Severe Acute Respiratory Syndrome Coronavirus (SARS-
CoV) and Middle East Respiratory Syndrome Coronavirus (MERS-CoV). Bats serve as natural
reservoirs for many coronaviruses due to their unique immune systems, which allow them to carry
these viruses without succumbing to the diseases they cause in other species. The intermediary host
for SARS-CoV-2 has not been conclusively identified, but early investigations have pointed to wild
animal species sold in markets as potential sources. Some hypotheses suggest that the virus may have
been transmitted from bats to another species, such as pangolins, before making the jump to humans.
The Huanan Seafood Wholesale Market in Wuhan, China, which sold live wild animals, was initially
linked to several early cases of COVID-19. The human encroachment into wildlife habitats, intensive
farming practices, and the trade of wildlife create opportunities for pathogens to jump between
species. The global spread of SARS-CoV-2 following the spillover event underscores the importance

of monitoring and regulating human interactions with wildlife to prevent future pandemics [10-12].

As shown in Figure 3, SARS-CoV-2 is primarily transmitted through respiratory droplets when an
infected person coughs, sneezes, talks, or breathes. The virus can also be transmitted via aerosols,

which are smaller particles that can remain suspended in the air for longer periods and travel over
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greater distances. This airborne transmission is particularly significant in enclosed, poorly ventilated
spaces. Larger respiratory droplets, typically greater than 5 micrometers in diameter, are the most
common mode of transmission. These droplets can travel short distances (usually less than 2 meters)
and can deposit on mucous membranes of the nose, mouth, or eyes, leading to infection. This form
of transmission underscores the importance of physical distancing and mask-wearing as preventive
measures. Aerosols, smaller than droplets, can remain airborne for extended periods and potentially
infect individuals over greater distances. Aerosol transmission is more likely to occur in crowded,
indoor environments with inadequate ventilation. This mode of transmission has been a critical factor
in the spread of the virus in settings such as hospitals, long-term care facilities, and during
superspreading events. SARS-CoV-2 can also be transmitted through contact with contaminated
surfaces (fomites). The virus can survive on various surfaces for hours to days, depending on the
material, temperature, and humidity. This has led to the widespread adoption of disinfection protocols
for surfaces in public and private spaces. The detection of SARS-CoV-2 in environmental samples,
such as wastewater, has revealed another important aspect of transmission. Environmental monitoring
has shown that viral RNA can be present in wastewater, suggesting that infected individuals spread

the virus not only through respiratory secretions but also through feces.
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Figure 3 Transmission dynamics of SARS-CoV-2 [13].

The modes of transmission of SARS-CoV-2 have necessitated a multifaceted approach to public
health measures, including the use of masks, ventilation improvements, surface disinfection, and the
strategic use of environmental monitoring. Understanding these transmission dynamics is essential

for developing effective interventions and mitigating the spread of the virus [13].
5. The Role of Environmental Monitoring in Transmission Control

Although several studies have been conducted about COVID-19 diagnosis and treatment, less is
known about the behavior of SARS-CoV-2 in the environment. This is reflected in the presence of
several detailed guidelines (national and international) about the diagnosis and treatment of the
disease, while there are few and lacking guidelines on environmental monitoring of SARS-CoV-2

[14-17].
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Generally, environmental monitoring involves systematic sampling and analysis of air, water, and
surface matrices to detect and quantify the presence of specific pathogens. Under COVID-19

pandemics, the SARS-CoV-2 environmental surveillance aims to:

- Track viral RNA in sewage to monitor community-level infection rates;
- Assess the presence of airborne viral particles in indoor environments, particularly in high-

risk areas such as hospitals and public transportation;

- Evaluating the persistence of SARS-CoV-2 on different surfaces to understand the potential

for fomite transmission.

One of the most significant contributions of environmental monitoring during the COVID-19
pandemic has been the development and application of Wastewater-Based Epidemiology (WBE).
Wastewater surveillance involves analyzing sewage samples for the presence of SARS-CoV-2 RNA,
which can be shed in the feces of infected individuals, both symptomatic and asymptomatic. WBE
aims to detect increases in viral load in a community before clinical cases are reported. This is
particularly valuable for identifying emerging outbreaks and implementing control measures in a
timely manner [18,19]. Moreover, wastewater analysis can also be used to detect and track the
prevalence of different SARS-CoV-2 variants within a population, providing crucial data for
understanding the spread of more transmissible or vaccine-resistant strains. For example, in several
countries, including the United States, the Netherlands, and Australia, wastewater surveillance was

implemented as part of national monitoring programs [19-21].

While wastewater surveillance has proven to be an effective early warning system for community-
level transmission, monitoring of air and surfaces has been equally critical in understanding the

transmission dynamics of SARS-CoV-2, especially in high-risk environments.

Since SARS-CoV-2 particles remain in suspension in the air [13], air sampling allows the

identification of the hotspots where the virus is most likely to spread through airborne particles (i.e.
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hospitals, schools, public transportation etc.). For this reason, some organizations, such as the
American Society of Heating, Ventilating, and Air-Conditioning Engineers (ASHRAE) and
the Federation of European Heating, Ventilation and Air Conditioning Associations (REHVA),

drafted guidelines on measures to be applied to reduce the risk of COVID-19 transmission [22,23].

Several studies demonstrated the role of air quality monitoring in viral particles spread in indoor
environments, with the aim of mitigating the risk of airborne transmission. These results provide the
importance of public health interventions, such as improving ventilation in schools, offices, and

public transport systems, or implementing targeted lockdowns in high-risk areas [24-26].

The persistence of SARS-CoV-2 on surfaces has been a topic of significant research interest.
Environmental monitoring has shown that the virus can survive on various surfaces, such as plastic,
stainless steel, and cardboard, for several hours to days under certain conditions. This has important
implications for the disinfection protocols in public spaces, workplaces, and homes. Surface
monitoring promotes the understanding of the surface's conditions involved in the viral spread, and
the developing of cleaning and disinfection guidelines to reduce the risk of fomite transmission

[27,28].

6. The challenges of SARS-CoV-2 environmental monitoring

While environmental monitoring has proven to be an invaluable tool during the COVID-19 pandemic,

it is not without challenges.

One of the primary challenges is the lack of standardized protocols for sampling, processing, and
analyzing environmental samples for SARS-CoV-2. In fact, there are some protocols for
environmental monitoring of SARS-CoV-2, such as the WHO guidance titled “Environmental
surveillance for SARS-CoV-2 to complement other public health surveillance” or the WHO guideline

titled “Surface sampling of coronavirus disease (COVID-19): A practical “how to” protocol for health
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care and public health professionals”. This guideline, although they give important procedural

guidance, requires additions considering more recent findings [29,30].

Variations in methods can lead to inconsistencies in data, making it difficult to compare results across
different studies or regions. The development of standardized guidelines by international health
organizations is essential for ensuring the reliability and comparability of environmental monitoring

data.

Another challenge is the integration of environmental monitoring data with clinical and
epidemiological information. While environmental data can provide early warning signals, it must be
effectively combined with other sources of information to guide public health decisions. Developing
robust systems for data integration and analysis will be crucial for maximizing the utility of
environmental monitoring. Although there is a constantly updated WHO dashboard on the global
circulation of COVID-19 focusing on clinical surveillance [31], no international reporting system has
been established for environmental monitoring, such as one based on WBE to track trends in variants
found in the environment, by both symptomatic and asymptomatic individuals, in order to anticipate
the progression of COVID-19. In this regard, however, there is an advanced national monitoring
system, the Swedish Pathogens Portal, developed in the laboratories of the Swedish University of

Agricultural Sciences (SLU) at the Swedish Environmental Epidemiology Center (SEEC).

These ambitious goals could be reached by considering the economic gap in many parts of the world,
especially in low and middle-income countries, where access to the most common environmental
technologies is limited. Expanding the accessibility of these tools and building local capacity for
environmental surveillance is essential for ensuring that all communities can benefit from early

detection and intervention strategies.
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7. SARS-CoV-2 surface surveillance: the state of art

The emergence and unpredictability of pandemics is a phenomenon that has always accompanied
human history. Several factors are common to pandemics and their study: spillovers, modes of
transmission, prevention measures, therapeutic approaches, etc. Moreover, the most common and
paradoxically least considered factor is the evaluation of the pandemic phenomenon exclusively with
a clinical approach. Past and the current public health emergencies show how countries are
unprepared for the occurrence of future pandemics and that focusing entirely on clinical and
diagnostic research of emerging diseases has proven lacking: a comprehensive approach merging
clinical research and environmental surveillance of a pathogen is required to preserve people’s well-

being before getting the disease.

The monitoring of surfaces to assess the persistence of SARS-CoV-2 in healthcare facilities (HCF)
such as long-term facilities and hospitals in presence of patience or after the sanitization treatment,
represents a preliminary step to face an emergency and to control the spread of nosocomial infections.
Moreover, it represents a best approach to verify the effectiveness of sanitization procedures avoiding
ineffective sanitization treatment, that in a short- and long-term lead to the accumulation of
disinfectants residues on the environment, increasing the resistance among pathogenic
microorganisms. A routine screening of community environments such as schools, work facilities

and leisure centers, therefore, could be introduced and undertaken as preventive measures.

The study of surfaces begins with sample collection, which involves swabs that must be adequately
transported in a medium and stored. In this regard, the mentioned WHO guideline entitled “Surface
sampling of coronavirus disease (COVID-19): A practical “how to” protocol for health care and
public health professionals” provides important insights. This guidance, in addition to sampling sites,
also suggests to use a swab with a synthetic tip and a plastic shaft. For each swab sample collected a

vial containing 1-3mL of viral transport medium is required (e.g. protein stabilizer, antibiotics and
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buffer solution) and a neutralizing buffer to counteract the effects of any residual disinfectant (e.g.
Tween 80). Once the swab is removed from its package, it’s soaked in the viral transport medium
and, applying pressure with the swab tip, it must be moved in different directions covering a surface
area of 25 cm?. According to the WHO guideline, the collection tube containing the swab is carefully

transported on dry ice and stored at -70°C or — 80°C as soon as possible [30].

If for sample collection the WHO guidance previously described is available, no guidance was

established for sample analysis.

In several studies, the most used techniques for detecting SARS-CoV-2 belong to the field of
molecular biology. Many studies refer to the use of Real-Time Polymerase Chain Reaction (RT-
QPCR) or classical PCR [32-36]. Both techniques rely on the amplification of a predetermined target,
usually the S gene, the RpRd gene, the E gene or the N gene, following multiple amplification cycles
[37,38]. In addition, the literature shows some surface monitoring studies using digital PCR (dPCR),
sometimes compared with RT-qPCR. The 3rd generation PCR, the ddPCR, is the latest generation of
PCR. It has been developed to overcome the challenges of PCR and as RT-qPCR, ddPCR has been
used widely for SARS-CoV-2 diagnostics [39-41] and sporadically for environmental surveillance
[42-45]. ddPCR works by partitioning the sample into thousands to millions of droplets which may
contain the target copies. Dividing the sample into several portions ensures that amplification
proceeds simultaneously, and not in a single bulk reaction as RT-qPCR. In addition, ddPCR is also
more inhibition-resistant than RT-qPCR, as observed for clinical samples, including faces, and
environmental samples, including soil, water and wastewater and it increases practical sensitivity
when detecting low target copy numbers in other nucleic acids presence [46,47]. Then, once
amplification is completed, the ddPCR platform provides absolute quantification based on Poisson
statistics [48] rather than a calibration curve [46]. This provides greater repeatability and accuracy in

quantification and, compared to RT-qPCR in many applications, ddPCR has reached a higher
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analytical sensitivity for the detection of various target molecules in environmental and clinical

samples [47].

However, the study of surfaces contamination using the common molecular procedures has its
limitations. For example, monitoring an entire building by analyzing surface swabs with RT-gPCR
or ddPCR, is disadvantageous because the assay is expensive, time-consuming, requires sophisticated
equipment and qualified staff. Another limitation of these techniques, especially at the beginning of
the pandemic, was the lack of nucleic acid extraction and amplification Kits suitable for environmental
matrices, such as surfaces where chemical and biological residues are present that can hinder
analytical phases. Among these inhibitors: detergents and surfactants, proteins and enzymes (e.g.,
hemoglobin, proteases, or RNases), ionic inhibitors found in various types of detergents (e.g., sodium
chloride), and organic compounds like phenol and ethanol used in nucleic acid extraction protocols

can inhibit PCR if not thoroughly removed, as they interfere with polymerase activity [49-51].

Because of all these reasons, innovative and rapid methods are required. A practical, rapid and cost-

effective alternative is represented by Loop mediated isothermal AMPlification (LAMP).

LAMP was developed in the year 2000 to overcome the limits of RT-gPCR, and it was primarily used
for diagnosis and detection of diseases [52]. It is a qualitative amplification system, characterized by
an isothermal profile setting (about 60-65°C), to sidestep the temperature changes required by
conventional polymerase chain reaction (PCR). This makes LAMP a faster method than RT-gPCR
and conventional PCR. Moreover, unlike the RT-qPCR and PCR, amplification and detection of the
nucleic acid are carried out in a single step using four or six specifically designed primers and a
polymerase with strand displacement activities. Due to this process, massive amplification is possible,
as DNA can be amplified up to 10° times in one hour [53,54]. In these years of pandemic, DNA-
LAMP protocols have been adapted to perform RNA amplification. Unlike LAMP for DNA, Reverse

Transcription LAMP (RT-LAMP) involves the use of reverse transcriptase to convert RNA into
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complementary DNA (cDNA) that is used for amplification. This system allows the diagnosis of a
multitude of viral infections [53] and has been implemented for SARS-CoV-2 diagnosis [55-57].
Nevertheless, RT-LAMP use is still limited to clinical applications [58-61]. Instead, with few
exceptions [62], the use of RT-qPCR predominates for the environmental detection of SARS-CoV-2
[35,63-65]. However, RT-qPCR returns false positive (FPR) and false negative (FNR) results when

quantifying less abundant targets and relies on a standard curve to quantify targets [46].

Considering this, comparing these molecular biology techniques aims to evaluate the performance of
innovative detection methods, to understand their strengths and limitations and to define which

method best suits for the routine environmental monitoring of SARS-CoV-2.
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Chapter 2. First phase: surface monitoring by
three molecular methods

The results of this chapter enabled the writing of the two manuscripts mentioned below:

— Spiteri, S., Marino, F., Girolamini, L., Pascale, M. R., Derelitto, C., Caligaris, L., Paghera, S.,
Cristino, S. (2024). Loop-Mediated Isothermal Amplification (LAMP): An Innovative
Approach for the Environmental Monitoring of SARS-CoV-2. Pathogens, 13(11), 1022.
https://doi.org/10.3390/pathogens13111022 - Published on 20 November 2024;

— Spiteri S., Salamon 1., Girolamini L., Pascale M. R., Marino F., Derelitto C., Caligaris L.,
Paghera S., Ferracin M., Cristino S., Surfaces environmental monitoring of SARS-CoV-2:
Loop mediated isothermal amplification (LAMP) and droplet digital PCR (ddPCR) in
comparison with standard Real Time PCR (RT-gPCR) techniques. PLOSONE, Accepted on
26 December 2024.

2.1. Materials and methods

The sampling campaign begins in January 2022, and it was carried out until May 2023. A total of 118
surface samples were collected in the city of Bologna, northern Italy, from positive patients houses
and healthcare facilities. Special attention was paid to long-term care facilities for the increased
susceptibility of hosts and private hospitals where patients were treated for complications of COVID-
19 or directly acquired it as nosocomial infection. The main part of samples was collected in the
hospital that supported this project, as reference company: Maria Cecilia Hospital, Cotignola in
Ravenna.

When the study began, during the peak of the health emergency, it was very difficult to schedule the
sampling campaign. In order to protect hospitalized patients and healthcare workers, local authorities
restricted access to healthcare facilities. Although these restrictions, our laboratory has obtained
permission to collect samples, to conduct the virus environmental surveillance in several wards,
according to the Health Director.

The sampled surface included mobile phones, tableware, TV remote controls, magazines,

toothbrushes, door handles, sink faucets, toilet seats, toilet drains, bed rails and hospital supplies used
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by COVID-19 patients such as medicine packs, emergency bedside controls, lunch tables and walking
aids. According to the WHO Guideline [30], on regular surfaces sampling was carried out using 25
cm? templates, while for small objects or irregular surface such as door handles, faucets, etc., the
entire surface was sampled. The SRK® kit (Copan Italia, Brescia) provided with FLOQSwabs®
(Copan lItalia) and a regular tip, placed in sterile collection tubes containing 3 ml of SRK medium
was used. After sampling, FLOQSwabs® eluted in SRK medium were inactivated in the thermal bath

at 50 £ 5 °C for 30 minutes and then stored at -80°C until use [66].

2.1.1. Viral RNA extraction by TRIzol Reagent and QIAmp Viral Mini kit
The first phase of the study focused on the ddPCR analysis was performed using two nucleic acid
extraction systems commonly used in clinical settings: i) an organic extraction protocol using TRIzol
LS Reagent (Invitrogen, Waltham, Massachusetts, US - TRI) and ii) the column-based QIAmp Viral
Mini kit (QIAGEN, Hilden, Germany - QIA) according to manufacturer's instructions. TRI is a
monophasic solution of phenol and guanidine isothiocyanate designed to isolate nucleic acids from
tissues of human, animal, plant, yeast, or bacterial origin. QIA provides the RNA purification from
plasma, serum and other cell-free body fluids. Both methods were performed following the
manufacturer’s instructions. After the extractions, the RNA recovery was 60 uL for QIA method and

40 for TRI extraction. The RNA was stored at — 80 °C until ddPCR analysis.

2.1.2. ddPCR assay

The Bio-Rad SARS-CoV-2 ddPCR Kit (Bio-Rad Hercules, California, US) was used to perform the
ddPCR analysis. The assay targets are human RPP30 gene, SARS-CoV-2 N1 and N2 genes. RT-
gPCR primers and probes panel provided by kit, were developed according to Centers for Disease
Control and Prevention (CDC) guidelines [67]. The Bio-Rad QX200 Droplet Digital PCR Systems
(Bio-Rad) was used following the manufacturer instructions. In detail, a volume of 5.5 pL of template

was added to the master mix composed of 1.1 uL 2019-nCoV CDC ddPCR Triplex Assay, 2.2 uL
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reverse transcriptase, 5.5 pL Supermix, 1.1 uL 100 mM DTT and 6.6 pL of nuclease-free water to
obtain a total volume of 22 pL. Then, 20 pL of reaction mix added with the template underwent
droplet generation by the QX200 droplet generator (Bio-Rad). Droplet-partitioned samples were then
transferred to a 96-well plate, sealed and amplified to thermalcycler according to the following
thermal profile: 50°C for 60 min, 95°C for 10 min followed by 40 cycles of initial PCR activation at
94°C for 30 sec and 55°C for 30 sec, then of 98°C for 10 min, 4°C for 30 min. A particular focus was
placed on the number of droplets generated during the analysis to intercept a potential matrix effect:
when the analysis did not return a droplet number greater than or equal to 10.000 and if the number
of positive droplets was less than three, ddPCR analysis was repeated. QuantaSoft Software
(QuantaSoft 1.7.4.0917, Bio-Rad) and QX Manager Software (QX Manager 1.2.345 Standard
Edition, Bio-Rad) were used to collect and analyze the dataset obtained by ddPCR reaction.
According to manufacturer's instructions for use, samples were considered positive when the
QuantaSoft software showed a number of positive droplets equal to, or greater than three for at least
one of the two viral detected targets. Each ddPCR dataset obtained from QX Manager Software was
filtered and reported on an Excel file through an in-house Python script (Python 3.11.0) to avoid

transcription errors.

2.1.3. RT-gPCR

Following the ddPCR analysis, RT-qPCR was performed. The design of the RT-gPCR analysis was
influenced by the results of the ddPCR. Specifically, based on the ddPCR findings discussed later in
the text, and to streamline the workflow, only samples purified using the QIA extraction kit were

selected for RT-qPCR testing.

The RT-gPCR was conducted using the Allplex SARS-CoV-2/Flu A/Flu B/RSV Assay (Seegene,
Seoul, South Korea), a clinical multiplex RT-qPCR assay designed to detect the N, RdRP, and S

genes for SARS-CoV-2, as well as influenza A, influenza B, and respiratory syncytial virus (RSV).
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Each reaction had a total volume of 20 uL, which included 10 uL of RNA template. For each
analytical session, reaction controls (positive and negative) were processed simultaneously with the
surface samples. In particular, two negative controls were processed: the Negative Control (NC)
provided by Seegene assay and the No Template Control (NTC) as a contamination control, prepared
using nuclease-free water added to the PCR Master Mix. Moreover, in each session, the
manufacturer’s Positive Control (PC) was tested. The Seegene assay provides a PC constructed using
plasmids encoding Allplex™ SARS-CoV-2/FIUA/FIUB/RSV Assay target sequences. Since the PC
included in this assay is a high concentration PCR control, before each single run the PC is diluted
with sterile TE buffer (not provided by the manufacturer) by 1:100. To confirm the validity of each
PCR run on the same plate the user must confirm the results of the negative and positive controls
through the Seegene Viewer Software (Seegene, Software version V3.28.000.011), the
manufacturer’s software for the RT-gPCR analysis. If the positive and/or negative control results are
invalid, the corresponding PCR run was repeated. Reaction conditions were as follows: 50 °C for 20
min, then 95 °C for 15 min followed by 3 cycles of initial PCR activation at 95 °C for 10 sec, 60 °C
for 40 sec, 72 °C for 20 sec followed by 42 amplification cycles of 95 °C for 10 sec, 60 °C for 15 sec,
and 72 °C for 10 sec. The results of the analysis were interpreted as positive if one or more genes

were detected with a cycle threshold (Ct) value < 40.

2.1.4. RT-LAMP: RNA extraction and analysis
SARS-CoV-2 RNA extraction and detection for RT-LAMP were performed using the environmental
SARS-CoV-2 kit (Enbiotech S.r.l., Palermo, Italy), targeting the SARS-CoV-2 S gene on the IC-Gene
Plus platform (IC-Gene, Angri, Italy). RNA was extracted from the swab transport medium using the
kit’s extraction buffer in a 1:5 ratio. Specifically, 40 uL of SRK medium was transferred into a new
tube containing 160 pL of the extraction buffer. After a 2-minute incubation at room temperature, 20

ML of the RNA extract was added to the Primer Mix tubes provided by the manufacturer, which
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already contained 20 pL of LAMP Mix and 30 pL of mineral oil. The tubes were then loaded onto
the IC-Gene Plus platform to begin the analysis.

A positive RT-LAMP result was determined by a visible sigmoid curve for each sample, viewable on
a tablet using the 1C-Gene app, along with a "+" symbol on the screen (IC-Gene app version 3.5.6-

indium). Additionally, positive and negative controls provided with the kit were added to the run.

RT-PCR RT-LAMP ddPCR

5[: -
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Fluorescence
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Negative droplet

(e Positive droplet
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Figure 4 Graphic representation of the study workflow. Image created with Biorender.com.

2.1.5. Statistical analysis
The results were analyzed in terms of positive and negative samples reported for each technique. An
initial comparison was made between the extraction methods, QIA versus TRI, focusing on the
number of droplets generated for the ddPCR analysis. The software R (version 4.1.1) was utilized,
along with the Shapiro-Wilk test [68], to assess the normal distribution of the data. When normality
was not observed, the Wilcoxon signed-rank test [69] was employed. Statistical significance was set

at a p-value of <0.05.
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Additionally, GraphPad Prism software (version 10.0.0) was used to conduct a Receiver Operating
Characteristic (ROC) analysis to evaluate the accuracy of ddPCR [70]. The cut-off for ddPCR results
was established to differentiate positive samples based on the number of droplets generated and the
RNA copies detected, relative to the extraction method used. Given that RT-qPCR is considered the
gold standard for SARS-CoV-2 in clinical settings, it was retained as the reference method, and its
results were compared with those of RT-LAMP and ddPCR. A comparison between ddPCR and RT-
LAMP was also conducted, using ddPCR as the reference method due to its higher sensitivity.

For each detection technique, the following metrics were calculated:

— The percentage of positive and negative samples;

— Concordance measured using Cohen's kappa coefficient (k) to assess the level of agreement
between the two qualitative measurements [71] (in this case, the statistical units are positive
and negative samples);

— Sensitivity (SE), specificity (SP), and 95% confidence intervals (CI);

— Positive predictive values (PPV) and negative predictive values (NPV).

2.2. Results of first phase of study

2.2.1. Analysis of extraction methods on ddPCR results

The results indicated that a significantly higher number of positive samples were detected by ddPCR
using the QIA extraction method, with 42 out of 118 samples (36%) testing positive, compared to
only 13 out of 118 samples (11%) with the TRI extraction method.

Since Bio-Rad’s ddPCR data analysis requires at least 10,000 droplets for Poisson statistical analysis,
we conducted a detailed examination of the number of droplets generated by the two extraction
methods. For the TRI method, 34% (40/118) of the samples yielded fewer than 10,000 droplets, with
counts ranging from 0 to 9,889. To increase the droplet count, the samples were reprocessed twice:

first by repeating the extraction protocol and second by extending the ethanol evaporation time from
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10 to 25 minutes. While the initial reprocessing did not significantly improve droplet numbers, the
extended evaporation time successfully recovered all 40 samples, resulting in an increase to at least

10,000 droplets for each.

In contrast, only 11% (13/118) of samples extracted using the QIA method initially showed low
droplet counts, ranging from 5,926 to 9,946. However, after reprocessing these samples without any
protocol changes, we observed an increase in droplet numbers, with 100% of the samples reaching

the required threshold.

To assess these differences, we conducted a thorough analysis of the number of droplets obtained
from both extraction methods before and after the evaporation time adjustment, along with an
examination of their relationship to the origin of the surfaces.

Due to the small sample size, it was essential to determine the data distribution in order to choose the
most appropriate statistical method. Therefore, the Shapiro-Wilk test was applied before and after
reprocessing the samples. Before modifying the TRI protocol, the Shapiro-Wilk test for the TRI
extraction method dataset indicated a significant deviation from normality (W = 0.93572, p-value =
2.595e-5). In contrast, the Shapiro-Wilk test confirmed a normal distribution for the QIA dataset (W
= 0.98442, p-value = 0.1909). Given the non-normal distribution of the TRI dataset, the Wilcoxon
signed-rank test was employed to detect any statistically significant differences between the two
extraction methods. The results of the Wilcoxon signed-rank test revealed a statistically significant
difference between the two groups (W = 5322.5, p-value = 0.001775) before reprocessing the

samples.

After reprocessing, both the TRI and QIA datasets displayed non-normal distributions (TRI: W =
0.90783, p-value = 6.057e-7; QIA: W = 0.96106, p-value = 0.001721). Unlike the earlier analysis,
the Wilcoxon signed-rank test showed no statistically significant differences between the two groups

after reprocessing (TRI: W = 7048.5, p-value = 0.8697; QIA: W = 6875.5, p-value = 0.8697).
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Assuming that the droplet generation issue was related not only to the extraction method used but
also to the type of surface analyzed, particularly its origin (private homes or HCFs), further analysis
was carried out. This assumption arises from the observation that surface sanitation is less rigorous
in domestic setting compared to HCFs and some detergent ingredients may interfere with the
extraction method, affecting droplet generation. Our data displayed how the samples with a number
of droplets < 10000, were detected in 8 samples using both extraction methods. In detail, one comes
from private homes and seven from HCFs. Considering each extraction method, TRI remains the
methods with low number of droplets, mainly found in the HCF environments (11 versus 29 samples,
respectively). The same trend, respecting the origin of samples, was reported from QIA (1 private
home versus 12 HCF). From the Wilcoxon signed-rank test, it was found that for the TRI extraction
method, there were no statistically significant differences in droplet generation between the two
settings, home and HCF, before (W = 1850.5, p-value = 0.09921) and after the samples’ reprocessing
(W = 1651, p-value = 0.6069) with extended ethanol evaporation time. Likewise, no statistically
significant differences were found for the QIA extraction method between the two environments,
before (W = 1688, p-value = 0.4685) and after (W = 1495, p-value = 0.7138) reprocessing of the

samples.

Due to the issues with droplet generation using the TRI extraction method and the lower number of
positive samples obtained, the next phase of the study focused on RT-qPCR analysis, which was

performed using RNA extracted with the QIA method to optimize resources.

2.2.2. Evaluation of SARS-COV-2 gene target and cut-off value for ddPCR detection

Considering the quantitative ddPCR results, both the number of positive droplets and the copy number
for each target were analyzed to assess the suitability of clinical extraction protocols, such as TRI and

QIA, for environmental matrices like surfaces. A detailed evaluation of the ddPCR data revealed that
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the most frequently detected target using the QIA protocol was N2, either alone or in combination

with N1 (Table 1).

Table 1 Samples positivity by target and extraction method using ddPCR.

Samples positivity by SARS-CoV-2 target
Detected target TRI posil'i:;/fe(izgnples QIA posilili(\)/.e(:)mples
N1 8 (62%) 4 (10%)
N2 3 (23%) 15 (36%)
N1 + N2 2 (15%) 23 (55%)
Total 13 42

Moreover, the receiver operating characteristic (ROC) analysis revealed the cut-offs regarding the

number of droplets and of the RNA copies’ number of positive samples as shown in Table 2.

Table 2 Cut-off for droplets and copies number for each target of SARS-CoV-2 analyzed by ddPCR.

Cut-off
Extraction method No. of droplets No. of copies/pL
N1 N2 N1 N2
TRI 15 35 32,430 43.72
QIA 15 1 9.6 2.82
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In addition, using the ROC analysis, the ROC curves and the respective Area Under Curve (AUC),

concerning the cut-off of droplets’ number (Figure 5) and the RNA copies’ number (Figure 6),

respectively, was elaborated.
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Figure 5 The ROC curves to assess the accuracy of both extraction protocols through the number of droplets
obtained during the partitioning phase of ddPCR for each target (N1 and N2). a) and b), using TRI method;

¢) and d) using QIA.

Figure 5 shows the ROC curves developed to assess the accuracy of both extraction protocols,

considering the number of droplets, in relation to the target under investigation, N1 or N2. Observing

the trend of the ROC curves for both targets, N1 (FiglA and 1B) and target N2 (Fig 1C and 1D),

higher AUC values were observed for the QIA extraction method (N1 = 0.9136, N2 = 0.951) respect



to the TRI extraction (N1 = 0.56; N2 = 0.7). Therefore, QIA extraction ddPCR presented accuracy
levels of 91.4 % and 95.1 % for N1 and N2 targets, respectively. On the contrary, TRI extraction

ddPCR presents accuracy values of 56.0% and 70.0% for N1 and N2.

To investigate the contamination levels on surfaces using a clinical kit, the droplet number cut-offs
were investigated through ROC analysis. For the QIA extraction method, cut-offs of 1.5 droplets for
target N1 and 1.0 droplets for target N2 were determined. When using the TRI extraction method,

cut-offs of 1.5 droplets for N1 and 3.5 droplets for N2 were reported.
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Figure 6 The ROC curves were used to assess the accuracy of both extraction protocols through the number
of copies of N1 and N2 obtained after the droplets’ reading process (N1 and N2) a) and b), using TRI
method; ¢) and d) using QIA.
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The ROC statistical analysis shown in Figure 6 highlights the differences between the two extraction
methods. Observing at the trend of the ROC curves for target N1 (Fig 2A and 2B) and target N2 (Fig
2C and 2D), the AUC takes on a larger value for the QIA extraction method (N1 = 0.9574, N2 =
0.9626) than for the TRI extraction (N1 = 0.55; N2 = 0.8), demonstrating a higher accuracy of QIA
(N1:95.7%, N2: 96.2%) compared to TRI (N1: 55.0%, N2: 80.0%). Similar to the number of droplets,
the cut-off for total RNA copy number per surface sample analyzed was 32,430 copies for target N1
and 43.72 copies for target N2 when using the TRI extraction method. These values decrease
significantly whit the QIA extraction method, with cut-offs of 9,665 copies for target N1 and 2,820

copies for target N2.

2.1.1. Comparison among the ddPCR, RT-LAMP and RT-gPCR

Table 6 displays the trend of positive samples obtained among the technique. The comparison was
performed using both extraction methods for ddPCR, with “gold-standard” RT-gPCR serving as the

reference method.

ddPCR vyielded the highest number of positive samples, followed by RT-LAMP and RT-qPCR.
Notably, the results for RT-LAMP closely aligned with those of RT-gPCR. The concordance between

the techniques was calculated using Cohen’s Kappa (k) measure of agreement, as detailed in Table

3.
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Table 3 Positive SARS-CoV-2 surface samples for each analytical method.

ddPCR
RT-gPCR RT-LAMP No. (%)
Samples '
No. (%) No. (%)
QIA TRI
Positive 27/118 (23%) 31/118 (26%) 42/118 (36%) 13/118 (11%)
Negative 91/118 (77%) 87/118 (74%) 76/118 (64%) | 105/118 (89%)
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Table 4 Concordance and Cohen’s Kappa (k) measure of agreement among techniques.

Concordance between techniques
Compared Positive Negative
P concordant concordant Total k Value
techniques
samples samples concordance
(True positives) | (True negatives) No. (%)
No. No.
RT-gPCRvs 01
ddPCR i
11 71 (60% ligh
(QIARNA » o a (rielr?]e;t)
extraction) g
RT-gPCRvs
ddPCR -0.1
0
(TRI RNA 2 80 82 (69%) (No agreement)
extraction)
0.0414
RT-gPCR Vs RT- . .
LAMP 8 68 76 (64%) (Slight
agreement)
ddPCR
(QIA RNA 0 0.01
extraction) 1 % 67 (57%) (No agreement)
vs RT-LAMP
ddPCR
(TRI RNA -0.130
. 1 7 76 (64%
extraction) > 6 (64%) (No agreement)
vs RT-LAMP

Considering RT-gPCR as reference methods, ddPCR performed with QIA showed a lower percentage
of concordance results respect to TRI (60% versus 69%). This concordance was assessed using

Cohen’s K statistics, which measure reliability. Cohen's k for QIA was 0.1, indicating slight
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agreement according to Cohen's Kappa interpretation scale, while the TRl method showed no

agreement, with a Cohen’s k of -0.1.

However, this level of observed agreement should be evaluated in the context of the previously
described droplet generation problems and the higher number of negative samples obtained by ddPCR
after TRI extraction compared to QIA (105 and 91, respectively), which could introduce a bias. This

assumption is confirmed by no agreement returned by Cohen’s k scale (k= -0.1).

A comparison was made between the qualitative RT-LAMP and the reference method RT-gPCR. RT-
LAMP detected a high number of positive samples compared to RT-qPCR (31 versus 27). In this
case, the two methods showed a concordance of 64% with a Cohen’s k of 0.04, that confirms a slight
agreement between the methods. Finally, RT-LAMP was compared to ddPCR, considering ddPCR
as the reference method. Once again, an important role in these differences is played by the nature of
the extraction methods. RT-LAMP detected fewer positive surfaces compared to QIA extraction
method but more than the TRI method. The analysis of concordance showed higher concordance
between RT-LAMP and TRI compared to QIA. (64% versus 57%). However, this was contradicted
by Cohen's k, which showed a lower value for TRI than for QIA (-0.130 and 0.01, respectively),

indicating no agreement.
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Table 5 Comparison between detection techniques. Sensitivity (SE), Specificity (SP), Positive (PPV) and

Negative Predictive Values (NPV).

Compared technigues SE SP VPP VPN
P a (%) (%) (%) (%)
RT-gPCR
VS 41 66 26 79
ddPCR (95% Cl: 0.40-0.42) | (95% CI: 0.65-0.67)
(QIA RNA extraction)
RT-qPCR
VS 7 88 15 76
ddPCR (95% Cl: 0.06-0.08) | (95% CI: 0.87-0.89)
(TRI RNA extraction)
RT-gPCR
VS 30 s 26 78
0, . - 0, . ~
RT-LAMP (95% Cl: 0.29-0.31) | (95% CI: 0.74-0.76)
ddPCR
(QIA RNA extraction) 26 74 35 64
VS (95% Cl: 0.25-0.27) | (95% CI:0.73-0.75)
RT-LAMP
ddPCR
(TRI RNA extraction) 8 71 3 86
Vs (95% Cl: 0.07-0.09) | (95% Cl1:0.70-0.72)
RT-LAMP

The dataset shows different values of SE and SP obtained comparing RT-qPCR with ddPCR,
depending on the extraction method. A higher SE was obtained for the QIA extraction (QIA: 41% vs.
TRI: 7%). In contrast, a higher SP for the extraction in TRI is reported (QIA: 66% vs TRI: 88%).
Moreover, the comparison between RT-gPCR and RT-LAMP shows an SE value of 30% and an SP

of 75%. When comparing QIA extraction ddPCR and RT-LAMP, the values of SE and of SP are 26%
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and 74% respectively. By contrast, considering TRI extraction for ddPCR as a reference method, the

values obtained are 8% and 71% respectively.

2.3. Discussion of first phase of study

The study of microbial contaminants in community and healthcare facilities is important for public
health, representing the primary approach for the identification and control of environmental
pathogens and, as a result, the prevention of nosocomial and communities’ new infections. However,
to date, the journey ahead is long and not without challenges. One of the main gaps in environmental
monitoring is the absence of regularly updated guidelines not only for SARS-CoV-2, but also for so
many other pathogens with environmental and clinical impact. For example, in the case of SARS-
CoV-2, the current guidelines should be implemented in light of the latest scientific literature
regarding the sampling method, identification techniques, sanitization processes of procedures etc.
Although in May 2023, the head of WHO declared the end of the public health emergency, the SARS-
CoV-2 pandemic is not yet over. Moreover, future pandemic events may occur and to manage them,

the expertise acquired for COVID-19 is crucial.

Choosing the most suitable swab for surface sampling was a considerable difficulty factor during the
design phase of the study. In fact, surfaces like door handles, elevator buttons, sinks and toilets in
public facilities are constantly subjected to manipulation. Moreover, in public settings, especially in
HCFs, surfaces are subjected to constant disinfection. Therefore, surfaces are a receptacle for various
substances including human residues and detergents that can interfere with nucleic acid extraction
and amplification processes. According to the WHO Guideline for surface sampling of SARS-CoV-
2 [30], in many previous studies, the classical rayon swabs have been used [72—-74]. Our choice differs
from the WHO guidance for several reasons. Primarily, PCR requirements influenced this decision:
calcium alginate and cotton swabs are not recommended for PCR analysis because they may contain

substances that inactivate some viruses and inhibit molecular tests [75]. In addition, the properties of
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the FLOQSwabs® and SRK® transport medium played a significant role in our selection. In fact,
FLOQSwabs® offer a customizable sampling solution to suit the research's requirements such as the
size of the tip and the distance to the breaking point on the shaft, making them compatible with several
tube sizes. Its flocked tip allows a capillarity-driven sample uptake and an efficient elution of the
biological specimen due to the absence of a disorganized fiber structure trapping the sample.
Moreover, SRK® medium, neutralizes anti-microbial cleansing agents on surfaces, providing a clear

picture of the pathogen present [76].

Considering that the study began at the early pandemic when the reagents production was focused on
the laboratory diagnostics rather than on the university research and no assays for environmental
matrices like surfaces were commercially available, the planning of the study involved the use of
extraction kits and amplification assays already present at the Environmental Microbiology and
Molecular Biology laboratory (Mab Lab) of the University of Bologna where the experimentation
was conducted. Therefore, considering the lack of knowledge regarding the number of particles of
SARS-CoV-2 able to spread the infection, a high sensitivity technique like ddPCR was chosen for its

proven ability to detect low target concentrations, such as those of a virus outside its natural host.

The first phase of study, started during the pandemic period comparing two extraction methods as
QIA (spin-column method) and TRI (chemical-driven method), to observe the impact on sample
partitioning and positive samples detected. A recent study on nucleic acid extraction methods for
SARS-CoV-2 proves the sturdiness of QIA in several different conditions, but it could be an
expensive method if used in analytical routine [77]. Therefore, comparing these two different
extraction methods aimed to assess which method is more suitable for surfaces considering the

economic impact and the unavailability of specific extraction Kits.

The results obtained confirm the best performance of QIA extraction respect to TRI, considering the

number of positive samples and the number of droplets obtained.
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Generally, ddPCR analysis requires a generation of a great number of droplets, as having many
amplification events allows the application of Poisson statistics, essential to ddPCR. This statistical
distribution is also known as the 'distribution of rare events' because it could be applied when the
probability of success is very small, the number of tests is very high and the product of the probability
of success and the number of tests is constant [48]. Therefore, an accurate Poisson analysis can be
performed by optimizing the ratio of the number of positive events (positive droplets) to the total
number of independent events (the total number of droplets). The number of at least 10,000 generated
droplets was chosen by the manufacturer as the conventional cut-off point for the applicability of
Poisson statistics. According to this standard, the number of droplets obtained using the TRI method
was fewer than 10,000 for 40 samples. Thus, 34% of the samples (40/118) were initially not eligible

for the Poisson statistics.

The reprocessing of samples using the same extraction methods confirmed the presence of some
interference on droplets production using TRI method. Assuming that an incomplete evaporation of
the ethanol used to wash RNA during the final steps of TRI extraction could interfere with the
droplets’ generation during the ddPCR sample preparation, a new TRI RNA extraction was performed
by extending the ethanol evaporation time from 10 to 25 minutes. This approach solved the issues of
the original protocol. The same phenomenon was observed in rare cases for the QIA extraction
method, with 11% (13/118) of samples initially producing fewer than 10,000 droplets. However,
repeating the ddPCR analysis resulted in an increase to more than 10,000 droplets. Probably,
frequently manipulated surfaces contain more contaminants, that would affect the downstream
application of TRI extraction, considering also the type of extraction methods based on two different
approaches: a chemically driven method (TRI) versus a spin column base method (QIA). TRI is a
monophasic solution of phenol and guanidine isothiocyanate designed to isolate nucleic acids and
proteins of human, animal, bacterial and yeast origin. In contrast, QIA is a spin column method

designed to purify viral RNA from plasma, serum and other cell-free body fluids. It has been

47



documented in the literature that the use of extraction methods such as phenol extraction (on which
TRI extraction is based) or silica adsorption using guanidinium and potassium salts can alter nucleic
acid partitioning during extraction. Indeed, both phenol and silica have weakly dissociated hydroxyl
groups. Guanidinium cations can form hydrogen bonds between the negatively charged phosphate
groups of the nucleic acids and the hydroxyl groups of the phenol or silica, causing nucleic acids to
become trapped in the liquid phase of the phenol or onto the solid silica phase [50]. From this
perspective, this study suggests that the matrix components may interfere with one or more solvents
used during the RNA purification process. In contrast, a spin column method such as QIA retains
better substances affecting droplets’ generations during ddPCR, preserving RNA. Moreover, the
highest number of positive samples in ddPCR was obtained using the user-friendly QIA RNA
extraction protocol. This kit not only requires minimal manipulation by the operator, but it seems to

be less affected by factors such as the operator and matrix type.

Furthermore, the analysis of samples with a low number of droplets also considered their origin. A
great number of samples came from hospitals, which are often treated with commercial disinfectants,
in contrast to private homes. The high number of samples with low number of droplets, were found
in hospitals using both extraction methods, whereas this phenomenon was less detected in private
homes. The Wilcoxon signed-rank test showed no statistically significant differences in droplets
generation between home and HCF, before and after the extension of the ethanol evaporation time. It
is inferred that the origin of the sample, HCF or home, does not affect the generation of droplets.
Rather, these results support the thesis that the extraction method has a greater impact on the

generation of droplets. However, these data should be confirmed with a larger sample set.

The analysis of ddPCR results, considering the targets present in the panel, reveals a large number of
samples positive for target N2 respect with N1 when QIA extraction method was used. The results

obtained with ddPCR using QIA extraction method suggest that this portion of the nucleocapsid
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phosphoprotein gene could persist better on surfaces. This hypothesis is supported by the results of
the ROC analysis. Moreover, the QIA clinical kit results provide good contaminant retention, and it
could be used as an alternative to specific extraction kits for matrices such as surfaces. In addition,
according to Bio-Rad instruction for ddPCR data analysis, a sample is considered positive for a
certain target when the analysis reveals at least three positive droplets. However, our study suggests
that the cut-off values can be reduced, improving the sensitivity of the technique. Using the QIA
method, the cut-off value can be reduced from three positive droplets to one for the N2 target and two
for the N1 target (N1 = 1.5, N2 = 1.0). Other interesting data were obtained from the ROC analysis
performed to assess the accuracy of both extraction protocols through the number of copies of N1
and N2 obtained after the droplets' reading process. The values reflected the differences between the
two extraction methods. A careful observation of the previous data concerning ROC analysis shows
that the cut-off value is considerably lower when referring to the N2 target obtained following the
QIA extraction protocol (QIA: N1 =9.665, N2 =2.820; TRI: N1 =32,430; N2 =43.72). This supports
the hypothesis that N2 target is more stable on surfaces and may be more suitable for SARS-CoV-2
detection on surfaces. Further analysis of a larger set of swab samples could confirm this hypothesis.
If so, this could be the starting point for developing new environmental monitoring kits for SARS-

CoV-2.

When comparing ddPCR to other techniques, the differences between the two extraction methods
stand out. Considering the comparison between RT-gPCR (reference method) and QIA extraction
ddPCR, ddPCR analysis showed a higher percentage of positive samples than RT-gPCR (QIA
extraction ddPCR: 42/118; RT-gqPCR: 27/118). The SE of 41% implies that QIA ddPCR has a
moderate ability to detect positive samples compared to RT-qPCR, while the SP of 66% indicates a
fair ability to correctly identify negative samples. The PPV of 26% for QIA ddPCR indicates that a
portion of the positive samples detected is true positive, while the NPV of 79% shows a good ability

to confirm negative samples. The percentage concordance of 60% and a Cohen's k of 0.1 for QIA
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ddPCR indicate a weak concordance between the two methods. For the comparison between RT-
gPCR and TRI extraction ddPCR, a very low SE (7%) is observed, suggesting a poor ability to detect
ddPCR-positive samples. However, the specificity of 88% reveals a good ability to correctly identify
negative samples. The PPV of 15% for TRI extraction ddPCR suggests that only a small fraction of
the detected positive samples is true positive, while the NPV of 76% indicates a fair ability to confirm
negative samples. The percent concordance of 69% and Cohen’s k of -0.1 for TRl ddPCR indicate
fair percent concordance, but the negative Cohen's k value suggests that concordance is worse than
would be expected by chance. Although a higher concordance rate has been reported when comparing
TRI ddPCR and RT-qPCR, Cohen’s k value shows TRI extraction limitations. Therefore, considering
RT-qPCR as the reference method, ddPCR with QIA extraction method performs better than ddPCR

with TRI extraction method.

When comparing RT-LAMP to RT-gPCR, RT-LAMP detected a similar number of positives samples
with respect to the reference method (RT-LAMP: 31/118; RT-gPCR: 27/118). The results obtained
showed that RT-LAMP has a relatively low SE (30%). This suggests that RT-LAMP could detect
several false negatives compared with RT-gPCR. Having a SP of 75% implies that although RT-
LAMP can better recognize negative samples, false positives may be detected. In terms of predictive
value, a PPV of 26% suggests that many of the positive samples detected by LAMP may be false
positives, while the NPV of 78% indicates that LAMP is quite effective in detecting negative samples.
The low Cohen's k value (0.0414) and the percentage of concordant sample (64%) further support the
slight agreement between the two methods. These results indicate that while RT-LAMP is useful for
initial screening because of its rapidity and ease of use, positive results must be confirmed with a
more reliable method such as RT-qPCR to ensure accurate identification of SARS-CoV-2 on surfaces.
The differences between the two extraction methods used in ddPCR previously described also affect
the comparison between ddPCR and RT-LAMP. RT-LAMP detected less positives respect to QIA

extraction ddPCR but fewer than TRI extraction ddPCR (RT-LAMP 31/118; QIA extraction ddPCR:
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42/118, TRI extraction ddPCR: 13/118). The SE of RT-LAMP obtained from the comparison with
TRI extraction ddPCR was extremely low (8%), indicating that the method may not be effective in
detecting positive samples. On the contrary, the SP of 71% suggests that RT-LAMP is reliable in
detecting negative samples, reducing false positives. The PPV of 3% indicates that only a small
portion of the positive samples detected by ddPCR are true positives, while the NPV of 86% suggests
that the method is quite effective in confirming negative samples. RT-LAMP results show 64% of
concordance and a Cohen’s k of -0.13. These values suggest a discordance between the results
obtained with RT-LAMP and ddPCR. Comparing RT-LAMP with QIA extraction ddPCR, the SE of
26% obtained points the moderate ability of RT-LAMP to detect positive samples compared to
ddPCR, while a SP of 74% confirm the fair ability of RT-LAMP to correctly identify negative
samples, although there are several false positives. A PPV of 35% indicates that only a portion of the
positive samples detected by ddPCR is truly positive, while the VPN of 64% suggests that the method
is quite effective in confirming negative samples. The percentage concordance of 57% and a Cohen's
k coefficient of 0.01 indicate poor concordance between the results obtained by RT-LAMP and

ddPCR.

Apparently, the results obtained from the comparison between ddPCR and RT-LAMP show a better
performance of the RT-LAMP technique when compared with TRI extraction ddPCR oppositely to
the comparison with QIA extraction ddPCR because of more concordant samples (TRI extraction
ddPCR: 76/118 vs QIA extraction ddPCR: 67/118) and for a higher NPV (TRI extraction ddPCR:
86% vs QIA extraction ddPCR: 64%). However, these data need to be reevaluated considering the
comparison between the two extraction methods previously discussed and, considering that TRI
extraction ddPCR detects a lower number of positive samples and showed more difficulties in sample

partitioning when compared to the QIA extraction ddPCR method.
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Chapter 3. Second phase of study: comparison

among RT-gPCR assays

If the first phase of the study suffered from the absence of consumables suitable for pathogen
detection for surfaces, forcing the operator to adapt clinical assays to the surfaces use, the second
aimed to compare both RT-gPCR Kkits for the detection of SARS-CoV-2 on surface samples. In fact,
while the Seegene RT-gPCR kit, is validated for clinical samples, the Diatheva RT-gPCR Kit,
specifically designed for surfaces matrices. Considering the main differences between the RT-qPCR
assays (i.e. intended use and target detection), the objective of this study was to evaluate the respective

performances of both assays and identify the most reliable approach for surface monitoring.

3.1. Materials and methods

3.1.1. Sample Collection and RNA Extraction

From the total of 118 surface samples collected during the first phase of the study, 111 swab samples
were tested in this phase. Considering the differences between the extraction method revealed by the
ddPCR analysis previously described in this dissertation, only QIA extracted samples were included

in the second phase.
3.1.2. Diatheva RT-gPCR analysis

The Seegene RT-gPCR Kkit, originally developed for clinical samples, has been used extensively in
diagnostic laboratories for the detection of SARS-CoV-2 [78-80]. For details about the Seegene kit
and sample analysis, please refer to Chapter 2, Section 2.1.3. The Diatheva RT-gPCR Kit, being
specifically designed for environmental matrices, includes optimized reagents to address common

inhibitors present in surface swabs. Whit respect to Seegene assay, detecting three gene of SARS-
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CoV-2 (N, S and RdRp), the SARS-CoV-2 RT-gPCR kit is an RT-gPCR assay based on the
amplification of RdRp gene exclusively. Each reaction had a total volume of 20 uL, which included
5 uL of RNA template. In contrast to the Seegene Kit, the reagents included in the Diatheva kit are
ready-to-use and do not require preparations prior to RT-gPCR. For each analytical session, reaction
controls (positive and negative) were processed simultaneously with the surface samples. In
particular, two negative controls were processed: the Negative Control (NC) provided by Diatheva
assay and the No Template Control (NTC) as a contamination control, prepared using nuclease-free
water added to the PCR Master Mix. Moreover, in each session, the manufacturer’s Positive Control
(PC) was tested. Each PCR run on the same plate was confirmed using the results of the negative and
positive controls through the StepOne Software (Applied Biosystems, Waltham, Massachusetts, US,
Software version VV2.3). If the positive and/or negative control results were invalid, the corresponding
PCR run was repeated. Reaction conditions were as follows: 48 °C for 30 min, then 95 °C for 10 min,
followed by 42 amplifications at 95 °C for 15 sec and 60 °C for 30 sec. The results of the analysis
were interpreted as positive if one or more genes were detected with a cycle threshold (Ct) value >

10.

3.2. Second phase: statistical analysis and results

The results were analyzed as follow:

- Positive and negative detection rate: percentage of positive and negative samples identified
by each Kit;
- Overall concordance (OC): Agreement between the two Kits in detecting positive and negative

samples.

The performance of each RT-gPCR method is summarized in the table below (Table 6).
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Table 6 Samples positivity for each assay using RT-qPCR and overall concordance (OC) among the analysis

results.

Analysis Diatheva Seegene oC

results

posive coi?:sgltlc\llzaent ccl)\lnec?oart(;\;?lt
Samples 52 (47%) 27 (23%)

No. (%) samples samples

. No. No.

Negative

Samples 59 (53%) 91 (77%) 13 47
No. (%0)
Total No. 111 118 60 (54%)

A higher percentage of positive samples was detected by Diatheva's RT-gPCR (47%) with respect to

the Seegene kit (23%) and 54% of concordance was observed between the two RT-gPCR Kits.

3.3. Second Phase: results discussion

Several studies refer to the use of the Seegene Allplex SARS-CoV-2/Flu A/Flu B/RSV Assay, a kit
able to provide several advantages including a short turnaround time (TAT) (4 hours) and the
differentiation of essential viruses causing respiratory tract infections in a single reaction. This makes
the kit a valuable tool to perform a single amplification reaction, a differential diagnosis between
viruses responsible for respiratory infections. In detail, the Seegene assay was designed to detect N
and S genes in addition to the RdRp gene, the only target of the Diatheva kit. The properties of the
Seegene kit, might suggest that it could have detected more positive samples than the Diatheva Kkit.
In fact, it is well-known in the literature that the N gene of SARS-CoV-2 is the most conserved
compared to other genes resulting, therefore, the best target to search for pathogen detection [81].

This would suggest that the Seegene kit, which includes the N gene, should be more sensitive. These
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expectations are disillusioned by the results obtained with the Diatheva kit, which recorded a 47%
positive sample rate, against the 23% showed by the Seegene assay. In addition to a higher number
of positive samples detected, the Diatheva assay has several advantages. For example, the kit reagents
do not require preparation before use, making it facilitate the operator. It also has a TAT of two hours,
which is shorter than the Seegene RT-gPCR method. Consequently, the Seegene clinical kit could
generate more false negatives when used for surface samples, being validated for clinical samples,
where the virus is more concentrated and intact.

This comparative analysis highlights the critical role of tailored RT-gPCR kits for environmental
monitoring. The Diatheva RT-qPCR kit demonstrated superior performance in detecting SARS-CoV-
2 on surfaces compared to the Seegene Kit, with a higher detection rate and greater sensitivity. These
results support the adoption of matrix-specific analytical methods for environmental surveillance,
particularly in pandemic scenarios where accurate and reliable data are essential for public health

decision-making.
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Chapter 4. Overall results of the surface
SARS-CoV-2 monitoring study

Given the results obtained at the end of the second phase of the study, new considerations need to be
made with respect to the results registered during the initial phase of the study. It becomes necessary
to make a comparison between the previously analyzed techniques, ddPCR and RT-LAMP, with the
results and the conclusion gained by the analysis of the 111 surface samples tested with the Diatheva
Surface kit. Therefore, Chapter 4 of this dissertation focuses on comparing all the methods employed

during the three years of study and work.

4.1. Statistical analysis

The overall results of this three-years project were analyzed in terms of positive and negative samples
reported for each technique. As previously described in Chapter 1 (section 2.1.5), RT-gPCR was
considered the reference method when compared with the other techniques, RT-LAMP and ddPCR.
Moreover, in light of the results obtained from ddPCR analysis, the comparison among RT-qPCR
methods and ddPCR considers the differences between the RNA extraction methods, TRI and QIA.

The final statistical analysis consisted in the evaluation of:

The positive and negative samples rate;
— The overall concordance (OC) among techniques;

— The Cohen’s kappa (k) concordance to assess the level of agreement between the two

qualitative measurements [71];
— Sensitivity (SE), specificity (SP), and 95% confidence intervals (Cl);

— Positive predictive values (PPV) and negative predictive values (NPV).
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4.2. Overall results

The Diatheva RT-gPCR kit demonstrated a higher positive detection rate (47%) compared to the
Seegene kit (23%), reflecting the kit optimization for environmental matrices. Next to Diatheva's RT-
gPCR assay, ddPCR with QIA extraction showed the second highest percentage of positive samples
detected (36%). The innovative RT-LAMP detected 26% positive samples and, in conclusion, ddPCR
with TRI extraction method remains the method with the lowest positive detection rate. The results

obtained for each technique are summarized in Table 7.

Table 7 Representation of positive and negative results obtained for each analytical method.

Positive samples | Negative samples
Analytical methods
No. (%) No. (%)
52 59
Diatheva RT-gPCR
(47%) (53%)
27 91
Seegene RT-gPCR
(23%) (77%)
31 87
RT-LAMP
(26%) (74%)
13 105
TRI extraction ddPCR
(11%) (89%)
42 76
QIA extraction ddPCR
(36%) (64%)
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Having evaluated these initial differences between the results obtained for each method, an inter-
method comparative analysis was performed. As shown in Table 8, the inter-method concordance

was measured by calculating the OC and the inter-method agreement according to Cohen's statistics.

Table 8 Inter-method concordance among the techniques under investigation using RT-gPCR as the

reference method. Representation of true-positive and negative (TP and TN), false-positive and negative (FP

and FN) results, overall concordance (OC) and Cohen's k agreement (k) values.

Concordance
Analytical TP FP TN FN
methods No. (%) | No.(%) | No.(%6) | No.(%) |~ |
% K
Diatheva RT-
gPCR 9 22 37 43 41% - 0N2005
v 6% | (0%) | (33%) | (39%) " | agreement
RT-LAMP ’
Seegene RT-gPCR 0.041
VS (7§/0) (133/0) (52&) (1%32/0) o o
RT-LAMP agreement
Diatheva RT-
0.268
qPCR 27 15 a4 25 64% Moderate
VS (24%) | (14%) | (40%) | (23%) agreement
ddPCR (QIA) ’
Diatheva RT-
gPCR 6 7 52 46 64% -Ol'\cl)c? ’
VS (5%) (6%) (47%) (41%) agreement
ddPCR (TRI) ’
Seegene RT-gPCR 0.055
e (91;)) (22%/0) (5?&) (1}&) o ol
ddPCR (QIA) agreement
Seegene \I/?ST-q PCR 2 11 80 25 69% 'O,'\?f !
0 0 9 9
ddPCR (TRI) (2%) (9%) (68%) (21%) agreement
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From a careful observation of the data summarized in Table 9, the highest OC value is obtained from
the comparison of Seegene RT-qPCR and ddPCR with TRI extraction (69%). This finding is
contrasted by a k<0 indicating no concordance according to Cohen's statistic. The best results were
obtained by comparing Diatheva RT-qgPCR with ddPCR before QIA extraction. Indeed, this
comparison shows an OC value of 64% and a Cohen's k value of 0.268, which represents on the

interpretive scale of Cohen's k a moderate agreement value.

Table 9 displays the comparison of methods by evaluating the values of PPV, NPV, SE and SP.

Table 9 Inter-method comparison among through the measurement of positive and negative predictive value

(PPV and NPV), sensitivity (SE) and specificity (SP).

SE SP
Analytical methods Pcl;ov N(;)V % %
(95%IC) (95%IC)
Diatheva RT-gPCR
Vs 29% 46% 17% 63%
RT-LAMP (0.172-0.174) (0.626-0.627)
Seegene RT-qPCR
Vs 26% 78% 30% 75%
RT-LAMP (0.296-0.293) (0.747-0.748)
Diatheva RT-gPCR
VS 64% 64% 52% 75%
ddPCR (QIA) (0.519-0.520) (0.745-0.747)
Diatheva RT-gPCR
vs 46% 53% 12% 88%
ddPCR (TRI) (0.115-0.116) (0.881-0.882)
Seegene RT-qgPCR
Vs 26% 79% 41% 66%
ddPCR (QIA) (0.406-0.408) (0.659-0.660)
Seegene RT-qPCR
vs 15% 76% 7% 88%
ddPCR (TRI) (0,073- 0,075) (0.878-0.880)
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An immediate noticeable finding is represented by the SP values obtained by comparing the two RT-
gPCR assays with ddPCR with TRI extraction: in both cases, an SP of 88% was obtained, the highest
observed among all the comparisons performed. This result, however, like the OC value obtained
from comparing Seegene RT-gPCR with ddPCR with TRI extraction, should be interpreted in light
of the differences observed between the two extraction methods in the first phase of the study. Finally,
when comparing Diatheva RT-qPCR with ddPCR (QIA extraction), the highest values of SE (52%)

and SP (75%) were obtained.

Regarding FPP and NPV it is inferred that:

When compared with Diatheva RT-qPCR assay, ddPCR with QIA extraction shows the same

value of NPV and PPV (64%), the latter being the highest PPV obtained;

— When compared with Seegene RT-qPCR, ddPCR with QIA extraction shows the highest NPV
value compared with the other method comparisons (79%);

— The lowest NPV was obtained when comparing Diatheva RT-gPCR with qualitative RT-LAMP
(46%);

— The lowest PPVs were obtained by comparing Seegene RT-LAMP with ddPCR, regardless of

the extraction method examined (TRI: 15%; QIA: 26%).

4.3. Discussion of comparative performances

Detailed comparisons between the methods reveal important distinctions in detection capabilities.
The following sections aim to an in-depth comparative analysis of each comparison made to better

clarify the interpretation and final discussion of these three-years findings.
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4.3.1. Techniques detection rate

The results show that among all the techniques used, Diatheva RT-qPCR detected the highest number
of positive samples (47%). This finding is unexpected since this assay was designed to detect only
the RARp gene of SARS-CoV-2, unlike all other assays that detect more than one target. Moreover,
this finding is even more striking, considering that the target detected by Diatheva RT-gPCR is not
the N gene, known in the literature to be the most conserved portion of the viral genome [81]. This
result demonstrates that careful assay design that considers both the variables of the pathogen but also
the properties of the matrix in which it is detected contributes to the optimization of detection
methods. In light of this, the development of molecular biology assays is necessary for environmental
monitoring of SARS-CoV-2. For example, a company could develop and produce multiplex assays
based on the N and RdRp targets for pathogen detection. If the investigator's goal is to discriminate
between SARS-CoV-2 variants of concern (VOCs), S gene detection must be included due to S gene
target failure (SGTF) issue. For some SARS-CoV-2 VOCs, such as Alpha (B.1.1.7) and Omicron
(B.1.1.529), the S-gene target yields either a negative result or a significantly weaker positive signal
in multiplex RT-gPCR assays, while other targets in the assay remain positive. This characteristic has
been utilized as a screening tool to identify these specific variants. The weaker or absent signal for
the S-gene is attributed to a deletion at nucleotides 207-212 (A69-70) in the gene, a phenomenon
referred to as S-gene target failure (SGTF). Notably, this occurs by chance in certain assays that

include an S-gene target, but not in all assays [82].

4.3.2. Techniques concordance

A) RT-qPCR assays versus RT-LAMP

Considering the OC results obtained by comparing RT-qPCR assays to the innovative RT-LAMP

method, a lower value of OC (41%) was obtained using the Diatheva kit with respect to the clinical
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Seegene kit (64%). This is an unexpected outcome considering that both RT-LAMP and Diatheva
RT-gPCR assays are designed for surface swab samples. This discrepancy is confirmed by Cohen's
k measurement (Diatheva: k < 0; Seegene: k = 0.041), which shows an absence of agreement between
the two Diatheva RT-gPCR and RT-LAMP. These unexpected results are explained by the properties
of the assays used. The Diatheva RT-qPCR targets the RdRp gene, detecting 47% of positive samples.
This percentage is higher compared to RT-LAMP (26%), designed to detect the N and S genes, which,
for certain VOCs, may not be detected due to the SGTF issue. For this reason, new assays based on

the requirements of operators are mandatory.

B) RT-qPCR assays versus ddPCR analysis

The comparison among RT-gPCR assays results with ddPCR showed important differences
according to the RNA extraction method adopted. At first glance, the highest percentage of OC was
obtained by comparing the Seegene RT-gPCR to the ddPCR performed with the TRI extraction
method (69%). This result is contradicted by Cohen’s k < 0 which corresponds to the absence of
agreement. The same pattern is presented by the comparison between the Diatheva RT-qPCR and
ddPCR with QIA extraction (OC: 52%, k < 0). Once again, the limitations of the TRI extraction
method described in Chapter 2 (section 2.3), become evident. In contrast, when analyzing the results
of the comparison between RT-qPCR assays and ddPCR performed by the QIA extraction method, a
higher OC was observed when the reference method considered was the Diatheva assay (Diatheva
OC: 64%; Seegene OC: 60%). Moreover, this value is confirmed by a higher Cohen's k for Diatheva
assay than for Seegene (Diatheva k = 0.268; Seegene k = 0.056). Therefore, ddPCR with QIA
extraction appears to have a moderate degree of agreement when compared to Diatheva RT-gPCR

and slight when compared to Seegene.
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4.3.3. Comparative Analysis of techniques through SE, SP, PPV, NPV.

A) RT-gPCR assays versus RT-LAMP

By analyzing the results obtained from the comparison between RT-qPCR and RT-LAMP assays, the
RT-LAMP kit achieves better results when compared to Seegene RT-gPCR, considering the results
in terms of SE, SP, PPV, and NPV. In fact, the values of SE, SP, and NPV are slightly higher when
Seegene RT-gPCR is considered as the reference method (SE: 30%, SP: 75%, PPV: 26%, NPV: 78%)

with respect to Diatheva RT-gPCR as the gold standard (SE: 17%, SP: 63%, PPV: 29%, NPV: 46%).

This slight difference should be considered by the positive percentage rate (Diatheva RT-qPCR: 52%,
Seegene RT-qPCR: 23%, RT-LAMP: 26%) and the properties of RT-LAMP. From the experiments
conducted, a higher number of positive samples were traced by Diatheva RT-gPCR compared to the
clinical Seegene RT-gPCR, whose positive percentage rate is closer to that of RT-LAMP. In light of
this and the differences between the two RT-gPCR Kkits (intended use and detected targets), Seegene
RT-gPCR, detecting more negative samples (false negatives respect Diatheva), aligns more closely
with RT-LAMP. RT-LAMP, in fact, being a highly specific technique due to the greater number of
primers compared to conventional PCR reactions, detects a higher number of negative samples [54].
To conclude, the RT-LAMP assay under investigation being developed to detect the N and S genes,

might be affected by the SGTF issue.

B) RT-gPCR assays versus ddPCR analysis’

The comparison between RT-gPCR assays and ddPCR shows a trend similar to that observed in the
concordance study between these technigues. Once again, the challenges and biases caused using the
TRI extraction method prior to ddPCR are evident. In fact, when comparing both RT-qPCR assays
to ddPCR with TRI extraction, a specificity (SP) of 88% is observed in both cases, with poor

sensitivity (SE) values < 15% in both cases. As for ddPCR performed with QIA extraction, it shows
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better results when the reference method is Diatheva RT-qPCR (SE: 52%, SP: 75%, PPV: 64%, NPV:
64%) compared to the Seegene Kit (SE: 41%, SP: 66%, PPV: 26%, NPV: 79%). These results should
be examined in light of the differences not only between the RT-gPCR assays analyzed or the
extraction methods adopted, but also in light of the differences properties of the molecular biology
methods applied. ddPCR represents the 3rd generation PCR. It is a quantitative technique capable of
detecting small traces of nucleic acids, unlike RT-gPCR and RT-LAMP, which are respectively semi-
quantitative and qualitative techniques. This means that ddPCR is a highly sensitive method, and this
characteristic could explain the better results obtained when ddPCR (QIA extraction) is compared
with Diatheva RT-qPCR, despite the two assays targeting different genes: the N gene for ddPCR and

the RdRp gene for Diatheva RT-qPCR.
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Conclusions

Four years after the SARS-CoV-2 outbreak, it is evident that the course of a pandemic is
unpredictable, and containment efforts are extremely challenging. Environmental monitoring has
proven crucial in detecting changes in pathogens in the environment, potentially signaling the
emergence of new dangerous diseases before they widely spread. In this scenario, this study rises
from the growing need for environmental monitoring models adapted not only to the pathogen of
interest, in this case SARS-CoV-2, but also to the features of the sampled matrix. Aiming to preserve
the public health safety, this three-years project proposes to perform a preliminary assessment of
surfaces hygiene using innovative and fast techniques. This approach could be applied in low-risk
community environments such as schools, workplace and recreational environments, as well as in
high-risk settings, like hospital wards frequented by vulnerable patients (e.g. oncological,
immunocompromised, elderly, etc.). Evaluating innovative methods such as ddPCR and RT-LAMP

offers different ways to satisfy these requests, depending on the purpose of environmental monitoring.

ddPCR is a quantitative assay that allows absolute quantification of the nucleic acid target without
the need of a standard curve. For this reason, it is a popular technique for clinical diagnostics and
research. Due to its features, this study aimed to tailor its use for environmental monitoring of SARS-
CoV-2, defining which of the compared extraction methods was the most suitable and defining the

cut-offs for droplet number and copies needed to confirm the presence of the pathogen.

RT-LAMP is a qualitative assay, easy to perform and it provides a report in a brief time. It requires
no special instrumentation for the analysis: it is possible to work in isothermal conditions using a

heating block, thermostat bath or thermal cycler, all common elements in laboratories.
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In this study, the IC-Gene platform used for RT-LAMP allows to work on site as well as in a well-
equipped laboratory, delivering results within 40 minutes. Its portability makes IC-Gene suitable for

screening in community settings like schools, workplaces, and healthcare facilities during outbreaks.

Despite these remarkable results, ddPCR and RT-LAMP showed the same limitations. For example,
as other molecular biology techniques, ddPCR and RT-LAMP do not ensure that a positive result is
due to a viable and infectious pathogen. In addition, suboptimal SE and SP values were observed
compared with the reference method. The possible causes for this could be the following: first, the
use of clinical kits instead of specifically surface-designed kits, in the absence of appropriate
alternatives when the study began. This often forces operators to use non-compatible kits with the
collected matrix. An example is extensively described in this study. The surfaces, in fact, might
contain substances able to interfere with the extraction reagents or in the nucleic acid amplification,
probably this is the reason why TRI extraction ddPCR showed more difficulty in partitioning and
fewer positive samples. In addition, for the same reason, kits detecting different targets were used.
This may explain the low levels of concordance observed during the comparisons. Another reason is
due to the nature of the techniques being compared. A sensitive and quantitative method such as
ddPCR was compared with a semiquantitative technique such as RT-gPCR. Similarly, a qualitative
method such as RT-LAMP was compared using RT-gPCR as a semiquantitative reference method or
a quantitative method such as ddPCR. Particularly, unlike the other assays, RT-LAMP, is a nucleic
acid amplification method based on a larger number of primer pairs than the others, making it more
specific and prone to detect negative samples. Finally, the prevalence of the disease within the
population may have been a relevant factor since, over the course of the sampling campaign, it was

not constant, and this has been the main limit of this study.

In light of these critical findings, although the RT-LAMP method offers a quick and simple solution,
its moderate sensitivity and specificity compared to RT-qPCR suggests the need for improvements

for more accurate detection. However, RT-LAMP could be used effectively to identify true negative
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surfaces to assess the effectiveness of surface sanitation processes, as viruses tend to survive with
difficulty in inert environments outside their host. It could be useful, for example, before allowing
access to a sanitized area following an outbreak, RT-LAMP can be used to assess the hygienic status

of the facilities’ premises.

Considering the overall properties of each technique, the results of this study suggest the use of RT-
LAMP as a useful method to screen negative from positive surfaces and, in case of a positive outcome,
if possible, using a sensitive quantitative test such as ddPCR to confirm the result. As an alternative
to ddPCR, it would be appropriate to use RT-qPCR as a confirming test, a widespread technology in

the laboratory routine, but using assay designed for surface matrices.

In line with the initial purpose to develop an environmental monitoring model for a surface-based
SARS-CoV-2 detection, this study emphasizes a proactive and preventive approach to emerging
pathogens and proposes innovative strategies to achieve this purpose by comparing different
molecular biology techniques. It could represent the first step to assess guidelines for an
environmental monitoring of SARS-CoV-2 even if the air investigation is also required, considering
that SARS-CoV-2 is an airborne pathogen. Only through an integrated approach, preventing the

environmental and clinical spread will be possible.
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