npj | viruses

Review

https://doi.org/10.1038/s44298-025-00107-y

Atomic force microscopy at the forefront:
unveiling foodborne viruses with

biophysical tools
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Foodborne viruses are significant public health threats, capable of causing life-threatening infections
and posing major risks for future pandemics. However, the development of vaccines and treatments
remains limited due to gaps in understanding their biophysical properties. Among these viruses,
noroviruses are currently the leading cause of viral gastroenteritis globally and are responsible for
numerous foodborne outbreaks. In this review, we explore the use of biophysical methods, with a
focus on atomic force microscopy (AFM), to study foodborne viruses. We demonstrate how AFM can
provide crucial insights into virus-host interactions, transmission dynamics, and environmental
stability. We also show that the integration of various biophysical approaches offers new opportunities
for advancing our understanding of foodborne viruses, ultimately guiding the development of effective

prevention strategies and antiviral therapies.

Access to safe and nutritious food is essential for global health. According to
the World Health Organization (WHO), foodborne hazards caused 600
million illnesses and 420,000 deaths globally in 2010'. Foodborne illnesses
come from the consumption of contaminated food or beverages, which
contain known toxins, chemicals or microbial pathogens™. Among these
pathogens, foodborne viruses are behind a significant number of infections.
Foodborne viruses include numerous virus families that generally replicate
in the gastrointestinal (GI) tract and that can be transmitted through the
fecal-oral route. The viruses most commonly found as food contaminants
are noroviruses (NoV), which are also the largest contributors to cases of
gastroenteritis. Viral gastroenteritis remains a common cause for disease
and mortality worldwide, with more dramatic impact in developing
countries*’. The increasing use of molecular diagnosis worldwide allows for
an estimation of the norovirus role in foodborne disease. However, its
prevalence is most likely underestimated, due to lack of user-friendly and
widely accessible diagnostic tools’. Albeit less prevalent, hepatitis A virus
(HAV) is considered another serious foodborne virus, as it is a causative
agent of hepatitis, a hepatic disorder. Even though there are effective vac-
cines for HAV, no specific treatment is available for hepatitis A and out-
breaks still occur’™’.

Viruses are obligate intracellular parasites, as they can only reproduce
inside host organisms'’. The spread via foods is enhanced for foodborne
viruses due to their highly infectious nature, environmental stability, and
resistance to physical agents™"". In order to implement mitigation strategies

and to develop prevention measures such as vaccines or treatments, it is
important to understand the biophysical properties of these viruses, as well
as understand how their structure is related to function'*"”. It is known that
virus attachment, in general, is crucial for transmission dynamics. In par-
ticular, the selective binding to tissues in vivo, as well as the non-selective
adhesion to inanimate surfaces ex vivo, are major determinants in food-
borne viral infections'*'. By gaining insight into the physical interaction
between viruses and food surfaces or packaging materials, it is possible to
improve surface treatments, coatings, and sanitization protocols that could
prevent viral spread. Also, understanding the interaction mechanisms of
viruses with host cells, including the identification of viral proteins or cell
receptors essential for replication, could provide valuable information for
the development of effective antiviral treatments. Lastly, quantifying virus
binding kinetics and affinity can help identify specific viral antigens that
elicit an immune response, thus allowing the enhancement of vaccine
efficacy.

Various biophysical methods can be used to study the physical prop-
erties of foodborne viruses. Techniques such as surface plasmon resonance
(SPR), electron microscopy (EM), and atomic force microscopy (AFM),
have been used not only to for virus detection, but also to characterize virus-
host interactions' . Among these, AFM stands out as a particularly
powerful technique due to its ability to image the sample at high resolution
under physiological conditions and measure forces with piconewton sen-
sitivity. This technology, which emerged from scanning probe microscopy
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(SPM), was developed in 1986 by Binnig, Gerber, and Quate and has gone
through many technological advancements, resulting in a variety of dif-
ferent operation modes. AFM is a highly sensitive, label-free technique that
measures forces with exceptional spatial and temporal resolution, using a
nanometer-scale tip to scan surfaces. This single-molecule technique has
become a prominent tool in physical virology and enables imaging, force
spectroscopy, and nanomechanical analysis of biological samples, making it
a powerful tool in virology research for applications such as virus imaging,
nanoindentation, and mechanical property characterization. Additionally,
AFM’s ability to monitor dynamic processes, as viral assembly or genome
uncoating, provides critical insights into the life cycle of viruses and their
interaction mechanisms with host cells™ .

In this review, we will emphasize on the use of AFM as a central tool for
investigating the biophysical properties of foodborne viruses. We will pro-
vide an overview of foodborne viruses, with a particular look on noroviruses,
since they appear to be among the most studied foodborne viruses using
AFM and due to their major contribution to foodborne viral infections.
General features of transmission dynamics and approaches for the pre-
vention and control of these infections will also be presented. Furthermore,
we will explore how other biophysical methods contribute to understanding
foodborne viral infections and how some of these can be combined with
AFM. By focusing on AFM, we aim to highlight its unique contributions to
the field of physical virology and its role in advancing strategies to prevent
and combat foodborne viral infections. Lastly, current challenges faced by
these strategies are discussed, along with future perspectives for the field.

Common Foodborne Viruses and their Characteristics
Foodborne viruses are typically classified as such for their ability to cause
disease after ingestion and possibility of foodborne transmission. The well-
recognized foodborne viruses are transmitted via fecal-oral routes and share
certain generally accepted features. First, there should be a clear link between
relevant illnesses and the consumption of virus-contaminated foods. Sec-
ondly, there should be some evidence of foodborne viruses’ presence in
foods when monitoring studies are conducted. Lastly, these viruses usually
present high stability and resistance to environmental factors. The most
reported viral foodborne illnesses are gastroenteritis or hepatitis, caused by
NoV and HAV, respectively”***. Additional common foodborne viruses that

infect humans comprise human rotavirus (HRV), human adenovirus
(HAAV), Hepatitis E virus (HEV), human astrovirus (HAstV), and sapo-
virus (SaV). Worldwide, NoV is the leading cause of viral
gastroenteritis>*’. Gastroenteritis in young children is also associated with
infection by rotaviruses, astroviruses, HAdV, and SaV**"*"'. Hepatitis A virus
(HAV) and Hepatitis E virus (HEV) are also both enterically transmitted,
though their main replication site is in the liver™>”*~**, A list of these viruses
and some of their characteristics are summarized in Table 1. Other viruses,
that might not clearly meet all the criteria listed above, can also be con-
sidered foodborne viruses, because of their potential to be transmitted via
food. These include enterovirus and poliovirus, which primarily infect
neurological or respiratory systems’. Here, we will only take into account
enterotropic and hepatotropic viruses. The development of prevention and
mitigation strategies focused on the foodborne transmission of these viruses
is highly relevant, especially since widely available vaccines or treatments are
rare for foodborne viruses.

From a structural point of view, a viral particle is composed of nucleic
acid, either single stranded (ss) or double stranded (ds) DNA or RNA,
surrounded by a protein shell, called capsid. The viral capsid is required not
only for virus cell attachment and infection, but also for protection of the
viral genome against degradation. Additionally, viruses can have an outer
lipid envelope, derived from the host cell membrane™. Foodborne viruses
are typically nonenveloped particles, providing them with very good
environmental stability. The highly stable viral capsid allows these viruses to
be resistant to various physico-chemical conditions, such as refrigerated and
frozen storage, high temperatures and low pH”. HAV and HEV share a
particular feature of circulating in a quasi-enveloped state in the blood™* ™.
In a different case, rotavirus possesses a special feature of comprising a
triple-layered capsid, which provides additional protection against GI tract
conditions and enables it to persist for longer on surfaces and food™.

The general viral life cycle (Fig. 1) consists of host cell infection, where
viral particles release their genome and replicate, and the emergence of new
particles that infect other cells in the primary host or that can be transmitted
to a new host*'. The pathogenicity of foodborne viruses depends on the
stability of the virus in the environment and on virus-host interactions®.
Most foodborne viruses target glycoproteins as receptors in the GI tract,
since the oral-fecal route is their primary mode of transmission*’. Human

Table 1 | General characteristics of common foodborne viruses

Virus Hepatitis E virus Hepatitis A virus Sapovirus Astrovirus Adenovirus Rotavirus Norovirus
Main tissue Hepatotropic Hepatotropic Enterotropic Enterotropic Enterotropic Enterotropic Enterotropic
tropism
Family Hepeviridae Picornaviridae Caliciviridae Astroviridae Adenoviridae Reoviridae Caliciviridae
Particle/ Nonenveloped/ssRNA  Nonenveloped/ssRNA Nonenveloped/ Nonenveloped/ Nonenveloped/ Nonenveloped/ Nonenveloped/
genome ssRNA ssRNA dsDNA Segmented dsRNA ssRNA
Size 35-40 nm ~30nm 30-38nm ~43nm ~95nm ~100 nm 27 -38nm
(diameter)
Morphology T =3 icosahedral T =3 icosahedral T=3 Star-like T =25 icosahedral Triple-layered T=3
symmetry symmetry icosahedral appearance, T=3 symmetry capsid, T=13 icosahedral
symmetry icosahedral icosahedral symmetry
symmetry symmetry
Attachment/ ORF2 capsid VP1, VP3 VP1 Astrovirus capsid  Fiber protein VP4 (VP8* domain) VP1 and VP2
entry viral protein (CP) protein (CP)
proteins
Attachment/ Asialoglycoprotein Hepatitis A virus cellular ~ unknown Neonatal Fc coxsackievirus and Sialoglycans, HBGAs
entry cell recptor 1/2 (ASGPR1/  receptor 1 (HAVCR1/ receptor (FcRn) adenovirus receptor  HBGASs, integrins
receptors 2), HSPGs, integrin TIM1), glycophorin A (CAR), integrins
Disease Hepatitis Hepatitis Gastroenteritis  Gastroenteritis Gastroenteritis, Gastroenteritis Gastroenteritis
conjunctivitis,
respiratory diseases
Vaccine No Yes No No No Yes No
available?
References 28,36,160 28,161-164 28,165,166 28,167,168 28,169,170 28,40,153 28,126
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Fig. 1 | Overview of NoV infection. NoV is mainly
transmitted through the fecal-oral route, often by
contaminated food or water. In the host, NoV
replicates in the GI tract, by infecting host cells such
as enterocytes. In the first step of the viral cycle,
human NoV is known to bind to cell-surface
attachment factors, including HBGAs. Then, the
viral particle is internalized by the cell, which
replicates the viral components needed for the

Norovirus

assembly of new viral particles. Lastly, new viruses
are released by the cell, allowing infection of sur-
rounding cells and hosts. Figure created in
BioRender.com.
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NoVs use host cell glycans as cellular receptors, namely HBGAs that are
expressed in cells of the intestinal epithelium (enterocytes). A good overview
of attachment factors and attachment receptors of human NoV is sum-
marized by Zhan et al.”’. In short, NoV tropism and replication cycle are still
poorly understood, as NoV research has been significantly hindered by the
lack of robust replication models, as cell culture systems, and small animal
models”. The recent development of nontransformed tissue stem cell-
derived human intestinal enteroids (HIEs) provided a new model for cul-
tivation of NoVs*. NoV models, as well as their role in antiviral treatment
and vaccine development, are well summarized in Prasad et al.”.

Since the presence of virus receptors at the cell surface determines virus
susceptibility, these receptor molecules are potential targets for treatment of
infectious diseases. Therefore, understanding virus-receptor interactions
provides crucial insight into the development of vaccines or antiviral
treatments™.

Transmission Dynamics and Stability in the Food Matrix

Viruses do not multiply or produce toxins in food, acting as vehicle for
their passive transfer. Foodborne viruses are normally transmitted
through the fecal-oral route, and when the virus is shed in the feces of an
infected individual, it can be transmitted to others by coming into
contact with contaminated surfaces, food, or water. The most common
food categories linked to outbreaks include shellfish, which can bio-
accumulate viral particles from a large volume of water, and fresh pro-
duce, especially berry fruits and leafy green vegetables™. These products
can be contaminated during the primary production, and are generally
consumed uncooked or without effective decontamination treatment.
After ingestion, foodborne viruses survive the defense barriers of the
body like the acidic environment of the stomach and digestive enzymes.
Infected individuals shed the virus through feces, vomit, or aerosolized
particles. Transmission to new hosts can occur directly person-to-
person or indirectly through contaminated surfaces, water, or food,
often leading to outbreaks™. A comprehensive view on transmission of
foodborne viruses is given by Todd and Greig”. Even though trans-
mission by a food handler or the specific food item behind outbreaks are
difficult to know with certainty, it is very clear that they present a sig-
nificant risk for virus transmission through direct contact with food and
are important in the prevention of norovirus infections*. Foodborne
transmission of viruses is facilitated by the fact that they generally need a

low infectious dose, increasing the likelihood of infection when con-
suming contaminated food or water'” and that virus shedding may
continue long after illness, increasing the likelihood of secondary
spread”.

While viruses need a host to replicate, they are highly capable of sur-
viving prolonged time periods outside a host, being especially stable in the
environment. Viruses can persist on food-related surfaces for a significant
amount of time, such as days to weeks on hard surfaces, including stainless
steel and plastic™. Viral contamination of water is of particular concern.
Depending on the water source, NoV is reported to remain infectious for 60
to 728 days™. In mineral water, HAV and poliovirus type 1 survive for up to
1 year at temperatures of 4 °C and 23 + 3 °C”". Also, HEV can be stable in
water for several weeks’>*’. The consumption of contaminated food from
infected animals also poses a significant infection risk for humans. HEV is
known to reside in the liver and tissues of these animals, and inadequate
cooking or handling can result in the virus persisting in the food". Addi-
tionally, most foodborne viruses are stable during freezing™. NoV is
reported to be stable and infectious despite 14 freeze/thaw cycles (-80 °C/
+22°C) or after -80 °C storage for up to 120 days™. NoV persistence in
water has been studied using the recently-developed HIE model, which
shows comparable decay rates to studies using other surrogate models such
as murine NoV*. An elegant overview of models and detection methods of
NoV in food and water matrixes is provided by Chandran and Gibson”,
including studies with the most recent HIE model””.

It is notable that noroviruses showed great survivability on food
surfaces™. For example, NoV remains infectious in lettuce and spinach for
up to 2 weeks™. Contributing to the accumulation and anchoring of NoV,
HBGA-like polysaccharides are found in foods like oysters, mussels, clams,
lettuce, and several microorganisms”.

Finally, there is a major gap in understanding the stability of viruses in
the food matrix and environment. This is of particular concern for future
pandemic preparedness for inactivation and mitigation strategies. Under-
standing of the stability of foodborne viruses is essential to find suitable
methods of inactivation. However, different viruses have varying levels of
resilience creating the need for reliable methods reusable in different strains.

Inactivation & Mitigation Strategies
In order to prevent large foodborne virus outbreaks and to increase food
safety, inactivation and mitigation strategies have been developed, to which

npj Viruses| (2025)3:25


www.nature.com/npjviruses

https://doi.org/10.1038/s44298-025-00107-y

Review

a detailed understanding of the biophysical properties of the viruses may
contribute.

Heat treatment is widely used to enhance food safety. While light
cooking or steaming is not sufficient to inactivate NoV in bivalve molluscs™,
heating at 70-72 °C for 2 min reduces infectious titers of NoV, HAV and
HEV®. HEV infection primarily occurs through the consumption of
infected pork, camel, or game products that were not or not sufficiently
heat inactivated. Several studies have been conducted with different
time/temperature combinations for HEV inactivation, which were sum-
marized by Cook and Poel®. Even though more studies are needed to
determine the exact effect of heat on HEV, it appears that a treatment of
71°C for 20 min is sufficient to completely inactivate the virus in con-
taminated liver®". Another study has shown that pig sausages still contained
infectious HEV after a food processing-relevant heat treatment of 55 °C for
120 min®”. However, it has also become clear that the effect of temperature is
influenced by the matrix where the virus is embedded®. Therefore, the
effectiveness of treatments can vary from cell culture to in vivo conditions,
highlighting the need for more robust cell culture models.

For fresh products, non-thermal processing methods such as high-
pressure processing, cold plasma, ultraviolet light, and irradiation may be
implemented by the manufacturer, which were summarized by Pexara and
Govaris'***®. Plasma activated water was shown to inactivate MNV-1 on
blueberries and still had an inactivation effect after 45 days of storage at
4°C®. Another inactivation technique commonly used is ultraviolet-C light
(200-280 nm), which damages viral nucleic acids. Finally, a study has
shown that irradiation (gamma rays, X-rays, electron beams) can lead to a
reduction of viral titers, but was not effective in completely inactivating
NoV¥. Further research highlights the need for deeper understanding of
viral inactivation mechanisms.

Overall, in order to achieve optimal water and food quality and safety,
synergistic effects of different treatment strategies need to be further
explored in the future®. It is also of note that vaccines are critical preventive
measures and are available for HAV and rotavirus, but not so far for other
enteric viruses. However, ongoing research is needed to answer the change
of virus susceptibility to vaccines, due to their continuous evolution and
genetic shifts”, as well as for the development of new vaccines.

Atomic Force Microscopy in Foodborne Virus Research
Advances in biophysical methods, emergence of novel techniques, and
discovery of new viruses, have aided immensely in expanding our under-
standing of foodborne viral infections. The high demand for rapid and
specific identification of viruses and how to inactivate them emphasizes the
need for research in particular including physical virology methods. Bio-
physical methods, such as AFM, have been especially valuable in investi-
gating the interaction of viruses with transmission sources and are a core
element in fighting foodborne virus outbreaks. AFM allows extraction of
biophysical properties of samples and detection of single molecular inter-
actions under physiologically-relevant conditions”". Therefore, the fol-
lowing sections of this review will focus on the AFM and its potential
applications as a biophysical method in studying foodborne viruses.

Principles and Applications of AFM

The AFM is a particularly interesting multiparametric tool in quantifying
biophysical properties and molecular interactions, due to its ability to detect
forces in the range of a few (< 10) piconewtons, image the topography of
samples with subnanometer resolution in air or liquid, and obtain kinetic
and thermodynamic parameters of such interactions (Fig. 2A-F). Moreover,
AFM does not require labelling, coating, or chemical fixation of the samples,
in contrast to other techniques, such as immunocytochemistry approaches,
scanning electron microscopy (SEM), and transmission electron micro-
scopy (TEM)”. The AFM is a mechanical microscope and its imaging is
based on the physical rendering of the surface topography by raster-
scanning of a probe across the sample. This probe is composed by a flexible
cantilever with a sharp tip that interacts with the sample surface, acting as a
force transducer””*”*. The operating principle of AFM is based on precisely

sensing the interaction between tip and sample by a laser beam that is
focused onto the cantilever and is reflected from the cantilever surface into a
position-sensitive photodiode. During topographic imaging surface varia-
tions induce bending, or deflection of the cantilever, leading to a change in
the position of the reflected laser spot on the photodiode. The deflection (d)
can be translated into the force (F) acting between the tip and the sample,
through the relationship F=-k x d, where k is the spring constant of the
cantilever. The x-y-z position of the sample in relation to the tip is adjusted
by a piezoelectric scanner, which is controlled by a feedback system””".
AFM-based force spectroscopy (AFM-ES) relies on using the cantilever as a
force sensor to measure interaction forces between tip and sample. In this
mode, the AFM tip is cyclically approached and retracted from the surface
while recording the variation of force over time or with respect to the tip-
sample distance (Fig. 2A). Force-distance (FD) and force-time (FT) curves
can then be collected pixel-by-pixel across the surface of the sample, which
allows the extraction of biophysical properties, such as elasticity, stiffness,
and adhesion (Fig. 2D-F)"".

A further powerful feature of AFM is the possibility of converting the
AFM tip into a biosensor by functionalizing it with proteins, ligands, che-
mical groups, lipids, or viruses. Single molecule force spectroscopy (SMES)
is based on this ability of tip functionalization in combination with force
measurements of the interaction between molecules on the tip and the
sample (Fig. 2B, C). Therefore, SMFS allows the detection and localization of
specific interactions, including adhesion and bond dissociation, in a wide
range of biological systems. When performing FD curve-based AFM, the
cantilever is moved vertically, so that the tip contacts the sample in each
pixel. At first, tip and sample are distant enough not to interact, resulting in
recorded zero force. Then, the tip is approached until it contacts the sample,
which induces an upward deflection of the cantilever. Upon reaching a
predefined force setpoint, the tip is retracted away from the sample, losing
contact with the sample surface and returning to the baseline of measured
forces. If a bond is formed between the molecules on the tip and the sample
surface, a deflection downwards is recorded during retraction of the tip, due
to the adhesive forces of the interaction. This binding event can be identified
by the presence of an adhesion peak in collected FD and FT retraction
curves, from which adhesion forces can be measured. When the bond is
ruptured, the cantilever returns to its zero-force position””**. Tip func-
tionalization can be achieved through different strategies, though the most
prominent approach to attaching molecules to the AFM tip is the use of
flexible PEG linkers between the tip and the sensor molecule. The use of
these linkers is a highly attractive option due to their ability to undergo
stretching, inertness, stability in liquid environment, versatility, and the fact
that they provide a fingerprint for identifying specific adhesion peaks™. In
addition, the use of photocleavable linkers can be advantageous, as they
provide controlled release of biomolecules from AFM tips, which can be
used, for example, for specificity controls”. Regarding the substrate, a large
variety of samples can be probed with AFM, including material surfaces®,
biomolecule-grafted model surfaces™, and bacterial®* or mammalian cells®.
Model surfaces typically comprise flat supports, such as mica or gold, that
allow grafting of, for example, cellular receptors®. Currently, a common
experimental setup for studying viruses includes probing either model
surfaces grafted with cellular receptors, or directly probing the surface of
living cells, with a virus-functionalized AFM tip. The option to select specific
molecules of interest, combined with the possibility to work under
physiologically-relevant conditions, has widened the scope of the AFM to be
used in an increasing number of studies that shed light on the viral infection
process. Within the infection cycle, viral adhesion is crucial for successful
infection and for transmission dynamics. As proof-of-concept, an early
study used an AFM tip functionalized with a single virus particle to probe
the interaction between rhinovirus and cellular receptors, allowing the
measurement of forces governing virus attachment to the cell””. Since then,
the above-mentioned methods have propelled AFM-based force spectro-
scopy to emerge as a powerful tool in investigating virus-receptor interac-
tions. In particular, this technique detects and provides thermodynamical
characterization of virus attachment to specific cellular receptors at the
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Fig. 2 | Principles and applications of AFM. A Basic principle of AFM. An AFM
setup includes a flexible cantilever with a tip at the end. A laser is focused on the
cantilever and reflected into a photodiode, allowing detection of the movement of
the tip, which is transmitted to the computer and can be translated into inter-
acting forces between tip and sample. An area of the sample can be scanned by
approaching and retracting the tip at every point corresponding to a pixel of the
AFM image. The force applied or experienced by the AFM tip can be recorded as a
function of tip-sample distance, providing force-distance (FD) curves. B Tip
functionalization strategies and variety of samples that can be used in AFM. The
AFM tip can be converted into a biosensor by its functionalization with various
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biological partners, such as an antibody, a virus, or a cellular receptor. Their
interaction with a wide range of samples can be probed, including the surface of
living cells, material surfaces such as glass or plastic components, and other
biomolecules grafted on a substrate. (C-F) Example of applying AFM to studying
biophysical parameters of virus-host interactions, adapted from the study:
Mohammed, D., et al."”". C Schematic representation of the experimental setup,
comprising living cells being probed by an AFM tip functionalized with a reo-
virus particle. Height (D), Elasticity (E), and Adhesion (F) maps collected form
the AFM experiment'”'. Schematics of panels A-C were created in
BioRender.com.

single-virus level, expanding our knowledge on the viral life cycle and
opening doors for targeted antiviral treatments or preventive measures.

Practical Applications of AFM in Studying Foodborne Viruses
Soon after its invention, AFM was already used to image viruses® and it has,
since then, allowed for remarkable discoveries about virus structure and
mechanics®”. A deeper understanding of foodborne viruses at the funda-
mental level, in particular with regard to their biophysical properties, is
clearly needed for developing more specialized detection, prevention, and
treatment strategies. Within studies at the fundamental level, AFM has been
shown to be a powerful tool for extracting physical properties of viruses.
Particularly, this technique holds great potential in studying foodborne
viruses, by providing information on morphology and mechanical prop-
erties of viruses, and biophysical parameters of virus-host interactions.

In the context of foodborne viruses, AFM has been used to image the
capsid of noroVLPs and to reveal that their mechanical stability is depen-
dent on pH™. Recently, AFM-based imaging and nanoindentation methods
were used to characterize the mechanical properties of noroVLPs, revealing
differences in size and physical stability of strains belonging to the same

genogroup’' (Fig. 3A). A study by Yang, J., et al.”” elegantly portrays the use
of FD curve-based AFM for quantitative and dynamic characterization of
rotavirus-receptor interactions, wherein the properties of rotavirus binding
to sialic acid and integrins are reported (Fig. 3B)”>. Mechanical properties of
multi-layered rotavirus particles have also been extracted using AFM, which
provided relevant insight into the role of their protein shells in the virus
replication cycle”. In other studies, by using AFM to induce mechanical
fatigue, knowledge was gained on the stepwise disassembly dynamics of
adenovirus particles’ (Fig. 3C). These studies help portray how biophysical
methods can be used to investigate the physical properties and dynamics of
viruses, while bridging the gap between structure and function.
Understanding the physical properties of different virus types is also
crucial for developing effective inactivation and mitigation strategies across
the food supply chain. AFM can be applied to investigating the effectiveness
of potential new inactivation strategies or antiviral treatments, contributing
to the combat of foodborne viral infections. Grape seed extract, for example,
showed irreversible virucidal effect against MNV”. Notably, in this study,
AFM experiments revealed physical changes in the viral particles and in the
formation of viral particle aggregates, which was confirmed to render MNV
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non-infectious in mice™. A variation of AFM, namely high-speed AFM (HS-
AFM), arose to overcome a significant limitation of AFM: low imaging rate.
HS-AFM provides high temporal resolution (10-20 fps for protein mole-
cules) that enables capturing, for example, the assembly dynamics of viral
capsids™ . HS-AFM was used in a study from Aybeke et al.” to investigate
the dynamics of murine norovirus (MNV). The AFM data indicated the
presence of an interaction between MNV and the detergent-resistant
membrane domains (Fig. 3D)”. In another study, from Xue, Y., et al.'”,
AFM was used to assess the effect of UV irradiation on adenovirus, by
measuring the topography of single virions before and after treatment (Fig.
3E). Also, AFM experiments on living Vero cells with ultraviolet C showed
that the cells lost the capability of reproduction and normal metabolism,
either by the infection or the irradiation'”. This suggests that high-
resolution methods, such as AFM, could offer valuable insights into viral
impairment mechanisms, aiding the evaluation of inactivation techniques
and their impact on food quality.

Beyond host cells, AFM can play a role in food safety by characterizing
adhesion of viruses to food-related matrix or surfaces. A study using MS2 as
an enteric virus surrogate, has applied AFM to quantifying viral adhesion to
commonly used food processing or preparation surfaces. Their findings
suggest viruses bind more strongly to polyvinyl chloride (PVC) than to glass,
which was attributed to both intrinsic chemical characteristics and the
substrate surface porosity'®". Due to the resilience of foodborne viruses in
aquatic environments, it is also crucial to deepen our understanding of their
biophysical properties in these settings. Studies have been carried out by
combining different biophysical methods, such as AFM. For example,
interactions of rotavirus and Suwannee River natural organic matter was
investigated, giving detailed insight into deposition mechanism and aggre-
gation kinetics of rotavirus depending on divalent cation complexation'”.

Even though AFM offers exceptionally high resolution and probing of
interactions under physiologically relevant conditions, it comes with
inherent limitations; it is a surface scanning technique therefore providing
minimal information on internal structures, samples need to be immobi-
lized, and it has a small field of view with limited vertical range. In addition,
interaction of the probe with delicate biological samples can displace and
potentially damage the samples during imaging and probing. The long
imaging and data analysis times associated with AFM also make it less
suitable for a practical and rapid screening of viral contamination in food.
These challenges, together with low throughput, make it impractical for
detecting and quantifying viral contamination in food production envir-
onments, where large-scale screening is required. Nevertheless, AFM has
been employed as a molecular detector for a target viral protein captured
form a biological fluid, in what was called an AFM-based fishing analysis'”
and has also been proposed as a feasible virus detection method in com-
bination with other techniques'*’. Despite its inherent limitations, AFM
remains a powerful tool for fundamental research on foodborne viruses,
particularly for investigating virus-surface interactions, environmental
persistence, and the impact of inactivation treatments. AFM’s versatility is
evident in its ability to not only image surface topography, but also measure
various surface properties simultaneously.

AFM in Combination with Other Techniques

Since no single approach can characterize the complex processes of biolo-
gical systems, AFM has been combined with other microscopy techniques,
such as confocal and fluorescence microscopy, allowing high-resolution
imaging of living cells simultaneous to AFM probing'”. Through this
combination, it is possible to identify and correlate relevant cellular struc-
tures from optical microscopy with the correlative AFM topography and
adhesion maps. Other super-resolution fluorescence microscopy techni-
ques have been combined with AFM as well, such as STimulated Emission
Depletion (STED), Stochastic Optical Reconstruction Microscopy
(STORM), and Photo-Activated Light Microscopy (PALM)'®. Another
combined technique, atomic force-electrochemical microscopy (AFM-
SECM), offers potential in nanoscale imaging. The combination of AFM
and scanning electrochemical microscopy (SECM) allows simultaneous

measurements of topography and electrochemical activity'”. This techni-
que has been applied to probe redox functions and resolve the position of
immune complexes on the virus surface, using the lettuce mosaic virus'”.
The characterization and identification of viral particles has also been
achieved before by tip-enhanced Raman spectroscopy (TERS)'**'"". Raman
microscopy and AFM can be integrated to work simultaneously, which
allows linking the chemical composition of the sample to its surface char-
acteristics, providing structural, mechanical, and chemical information
about a biological sample""'™'".

Advances in virology have been made not only by simultaneous
combination, but also by complementing data from different techniques.
For example, the biophysical properties of hepatitis B virus (HBV) have
been investigated by AFM and mass spectrometry (MS). By using com-
plementary data from these techniques, knowledge was gained on the
molecular composition and physical stability of HBV capsids'", which
holds considerable interest in relating virus structure with its stability in the
environment. In the context of foodborne viruses, a study has combined
AFM nanoindentation experiments with MS (Fig. 4A) to provide com-
plementary insights into mechanical properties and composition of particles
of NVLPs (Fig. 4B, C). This study describes strengthening of the icosahedral
viral particle, providing data on structural stability of particles that could be
of interest in the study of other foodborne viruses as well' . A study by Bally
et al."'’ investigated if galactosylceramides (GalCer) could potentially be a
receptor for NoV infection, using NVLPs. In this study, AFM was com-
plemented by other methods, including fluorescence microscopy (Fig. 4E-
D) and quartz crystal microbalance with dissipation monitoring (QCM-D).
AFM was used to visualize and characterize the topography of the supported
lipid bilayers (Fig. 4F), allowing further identification and analysis of lipid
domains containing GalCer. This multidisciplinary approach revealed a
specific interaction between NVLPs and GalCer in lipid domains'".

Other AFM-related techniques also open up new possibilities for
nanoscale characterization of biological samples. AFM-based infrared
spectroscopy (AFM-IR) combines the spatial resolution of AFM with the
chemical analysis capability of infrared (IR) spectroscopy'"’, and has been
used to image viruses inside cells through their IR signature'®. To com-
plement topographic HS-AFM data, surface-enhanced Raman spectro-
scopy (SERS) analysis was used to shown that lipid raft domains are
involved in MNV internalization and that this interaction is likely choles-
terol dependent™. These biophysical methods can all be applied to inves-
tigating different characteristics of viruses and often provide
complementary data, which makes them useful tools in broadening our view
on foodborne viral diseases.

It is also of note that the development of bioinformatics technologies,
such as molecular dynamics (MD) simulations, sets in silico approaches as
promising tools in the development of vaccines and antiviral treatments.
The application of bioinformatics techniques can predict drug targets and
ligand-receptor interactions, reducing the large number of screen
processes' . Even though computational modeling shows great potential in
revealing molecular-level features of viruses, MD simulations (Fig. 4G)
using full viral particles are hindered by the size and complexity of the
particles. In a study by Arkhipov et al.”’, modeling AFM nanoindentation
(Fig. 4H) is achieved through shape-based coarse-grained (SBCG) MD
simulations, which balances computational efficiency with molecular detail.
In this study, both AFM experiments and SBCG simulations (Fig. 41, ]) are
performed on the empty capsid of the human hepatitis B virus (HBV) to
investigate capsid deformation upon AFM nanoindentations. Although
HBV is not a foodborne virus, the methodology presented in this study
demonstrates how AFM simulations can bridge experimental and com-
putational data. Overall, the results showed a close agreement between
experiment and simulation, although a larger discrepancy between simu-
lated and experimental curves was observed for increasing deformations
(Fig. 41)'. These techniques provide valuable insights into viral capsid
mechanics, which can be applied to the study of foodborne viruses as well.
An additional bioinformatics approach, called AFM-Assembly pipeline, is
also a promising tool that aims to build model structures using high-
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Fig. 3 | Example images illustrating the use of AFM in studying foodborne
viruses. A AFM topography images of noroVLPs of NoV variants (GI.1, GIL.17,
and GIL.10) for comparison of their sizes. Images reproduced from Feng, Y., etal.”
B Probing of rotavirus single virion binding to an SA-coated model surface (left
panel). Representative non-adhesive and adhesive FD curves (retraction trace
only) collected (middle panel). AFM measurement of the binding frequency
between rotavirus virion and SA, before and after injection of Neu5Ac (right
panel). Images adapted from Yang, J., et al.””. Schematics of left panel were created
in BioRender.com. C AFM images from a mechanical fatigue assay showing
disassembly of adenovirus particles. Different disassembly states are represented
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in each panel (together with the number of the individual frame), from intact
(frame No. 1) to collapsed (frame No. 46) capsid. Scale bar is 37 nm. Images
reproduced from Martin-Gonzélez, N., et al.””> D HS-AFM images of detergent-
resistance membrane (DRM) domains and MNV. The top panel of successive
images represents raw DRMs on a mica surface, while the middle panel represents
the dynamics of MNV particles on a mica surface. The images in the bottom panel
represent MNV infected DRM fractions. Images reproduced from Aybeke, E.N.,
etal.”. E 3D reconstruction of high-resolution AFM topography images of ade-
novirus, before (top) and after (bottom) UVC irradiation. Images reproduced
from Xue, Y., et al.'”’.
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Fig. 4 | Examples of studies combining AFM with other biophysical methods.
A Representation of mass spectrometry (MS) technique, which can be combined
with AFM to provide a characterization of viral particles. B, C Images adapted from
Baclayon et al.'", to show: (B) native nanoelectrospray mass spectra for NVLPs
(0.2 uM capsid concentration) and (C) AFM images and height profiles of NVLP
(top left panel; solid line) and mutant CT303 particle (bottom left panel; dashed
line)'"”. D Representaion of fluorescence microscopy, that has been used in the study
of Bally et al.""® as a complementary technique to AFM in the study of NoV (E).

E, F Images adapted from Bally et al.""® showing (E) a correlation of NVLP binding
with domain features given by fluorescence micrographs of GalCer bilayers, as well
as (F) an AFM topography image of a bilayer GalCer domain, with corresponding
height profile (white line in the image)"''*. G Representation of MD simulations
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technique, which has been combined with AFM in the study of Arkhipov et al."” to
perform both experiments and simulations of AFM indentation (H). H Schematics
of AFM nanoidentation of a HBV capsid, in which an AFM tip is pushed against a
viral capsid anchored on a substrate surface (I, J) Images adapted from Arkhipov
etal.”’ showing (I) Force-indentation curves obtained from experiments (gray) and
simulations in different pushing directions (colored). Curves are obtained as mea-
surement of the AFM tip position and the force experienced by the tip. Taking into
account initial capsid height, the AFM tip position can be translated into indentation
depth. Data represents average of multiple simulations or experiments. Error bars
are RMSD values. ] Exemplary force-indentation curves from individual simula-
tions, each in a different color'”’. Schematics in panels A, D, G, and H were created in
BioRender.com.

resolution AFM topographic images and more structural data from other
sources””'. An interesting review on AFM-Assembly pipeline has been
written by Pellequer'”, in which perspectives and challenges of integrating
AFM in modelling platforms are presented.

All the previous studies help portray that combining AFM with other
techniques is highly valuable in expanding our knowledge of viral infections.
In some cases, direct correlation of data from AFM experiments and other
techniques is still challenging. Also, current limitations of combining these
techniques include sample preparation compatibility, time scale dis-
crepancies, and resolution mismatch. Nevertheless, using these biophysical
methods as complementary techniques helps overcome the limitations of
each technique and offers a more comprehensive understanding of complex
biological processes.

Other Biophysical Methods in Studying Foodborne
Viruses

Overall, the true incidence of foodborne viral transmission is still unde-
termined, though likely underestimated, for all of the mentioned foodborne

viruses. Traditional viral detection methods mostly relied on electron
microscopy (EM) and cultural isolation. Currently, immunological meth-
ods and molecular detection technology, such as PCR-based and isothermal
amplification methods, have been widely used in the detection of foodborne
viruses. However, each of these techniques still present limitations, such as
lack of cell culture models, complicated procedures, low sensitivity, poor
portability, or need for specialized professionals and equipment. Therefore,
the development of sensitive, widely spread, and user-friendly detection
tests is required for estimating the extent of foodborne viral infections, as
well as the incidence and prevalence of their associated diseases'*.
Structural biology methods, such as x-ray crystallography, EM, and
nuclear magnetic resonance (NMR), have greatly contributed to the current
knowledge of virus shell structures and capsid proteins'>"'*. Even though
studies on human norovirus are hindered by the lack of a cell culture system,
models that include the murine norovirus (MNV)*'* and norovirus-like
particles (noroVLPs)'” can be used to study norovirus infection. NMR is a
nuclear method in solid state physics and provides information on the
molecular structure and biomolecular interactions, allowing the
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identification of small molecules that bind to a known binding site on a virus
surface. The binding of norovirus VLPs to host attachment factors has been
investigated by several NMR studies, including saturation transfer differ-
ence (STD) NMR experiments. This technique, along with other ligand-
based NMR studies, helped elucidate the binding of HBGAs and sialogly-
cans to human NoV and MNV capsid proteins, providing relevant insight
into how glycans modulate norovirus infection**"*’. Mass spectrometry
(MS) is also an important tool in structural virology and has been applied to
gather information on the constituents of viruses, the stoichiometry of viral
structural proteins, and virus assembly”' ™. A study by Uetrecht et al."**
used MS to reveal structural features of HBV and NoV assembly inter-
mediates, providing valuable insights into the poorly understood mechan-
isms of viral self-assembly™*. The ability to rapidly verify the structure of
VLPs is important for vaccine development, as an incorrect structure may
impact the immunological response. MS can also be used to characterize
VLP samples and determine what species are present. Recently, the emer-
ging approach of charge detection MS (CD-MS) provided fast and highly
accurate information on noroVLP structures present in solution, making it a
useful tool for vaccine development and quality control”. MS has also been
used in combination with other proteomics approaches to identify host
factors that regulate the replication of HEV, providing insight into potential
therapeutic targets for intervention'”. Additionally, hydrogen/deuterium
exchange MS (HDX-MS) has been applied to investigating cell attachment
by NoV, by shedding light into glycan-induced protein changes of NoV
strains'”. However, these techniques are not the most suited for capturing
dynamic aspects of viruses and their interactions with the host, and are
generally limited either on the size of the sample or on the requirement of
complex sample preparation. For the measurement of thermodynamic
properties of virus-host interactions, surface plasmon resonance (SPR) has
been widely used, which relies on label-free and real-time measurements of
biomolecule binding'. SPR is then a valuable tool in studying viral
attachment'” and can be used to develop detection or diagnostic strategies
for viruses'”’. Similarly, biolayer interferometry (BLI) provides character-
ization of binding interactions, including binding kinetics and affinity, and
has been used to detect specific antibodies for noroVLPs, offering per-
spectives for clinical applications'*>'*". BLI was also used to assess and
quantify binding between a human astrovirus capsid protein and neu-
tralizing antibodies, revealing a high-affinity interaction and providing
relevant information for the development of a vaccine for human
astroviruses'”. While these techniques are advantageous for high-
throughput kinetic studies and large-scale screening, they only provide
the average behavior of a large population. Within single-molecule tech-
niques, besides AFM, optical and magnetic tweezers are also important tools
in monitoring individual bond formation and dissociation, with the ability
of detecting very low forces, although with lower spatial resolution in
comparison to AFM'**'*,

Viral dynamics can be investigated not only by experimental meth-
ods, but also by computational modelling. While MD simulations have
been integrated with AFM to investigate viral physical properties, as
described in the previous section, they have also proven valuable as an
independent technique for exploring viral biophysics. A preprint study
(Yarmohammadi, H. et al.'®®), using an in silico approach, has identified a
relevant viral protein subunit that can be explored to develop a bivalent
vaccine candidate that concurrently protects against rotavirus and HAV,
which highlights the potential of these rapidly emerging technologies'*.
However, MD simulations are significantly limited by computational
costs and simulation time scales, often leading to a compromise between
fast computations and enough molecular detail. Nevertheless, increasing
computational prowess and further developing of in silico approaches
allow MD simulations using complete viral particles to become more
feasible and an attractive tool for virus studies'*, as interestingly sum-
marized in a review by Borkotoky et al.'”. MD simulations have been
applied to studying foodborne viruses, including for the identification of
inhibitors of NoV infection'*®, and to construct a vaccine candidate for
preventing HEV infection'”’. The recent rapid development of these tools

brings exciting perspectives for their application in combating foodborne
viral diseases.

Challenges and Future Directions

Food harbors a big risk for future pandemics in introducing and transferring
viruses. Foodborne viruses are known for their stability in various physical
environments and their limitations in identification and mitigation strate-
gies. Thus, further research in all of these areas is needed to develop new
strategies applicable for the complete food-chain and to evaluate their effects
when combined.

A challenge today is to be prepared to identify and characterize new
infectious agents that can arise from unexpected sources'”. Dirks et al."”'
evaluated a scenario of a pandemic foodborne virus similar to NoV with a
high disease burden. Their calculations reported that, while with a realistic
sampling plan most infected batches would not be detected, sampling would
still detect stronger changes and large data sets might enable trend
analyses'”'. Emerging foodborne viruses were not the focus of this review,
but need to be taken into account for pandemic preparedness. In particular,
zoonotic viruses with a possible foodborne route of infection, including
nipah viruses, ebola viruses, avian influenza viruses, aichi virus, tick-borne
encephalitis virus, and coronaviruses need to be monitored and the focus of
further research”. This emphasizes the need to understand and monitor
viral infections in animals and contain them before they acquire the ability
to spread in humans.

Detecting viruses in food matrices with high specificity, sensitivity
and reproducibility is essential for ensuring food safety. However, it
remains a significant challenge due to issues such as interference from
non-target pathogens, low concentration of target viruses, and diffi-
culties in sampling. Foodborne virus detection advancements could be
made by strengthening research on virus interactions with food
matrices, improving large-scale and multiplex detection methods, and
exploring non-targeted detection approaches. Therefore, bridging the
gap between laboratory research and practical application is essential
to develop rapid, sensitive, and user-friendly strategies for foodborne
virus detection'**'”. In addition, there is a need for highly specific and
sensitive methods of detection that go beyond simply assessing the
infectivity of viruses using cell culture systems that support viral
replication or animal models. For many foodborne viruses, these sys-
tems are lacking and research is often conducted using cultivable
surrogate viruses'*'. More suitable cell culture systems and models for
foodborne viruses are not only relevant for detection methods, but also
to expand our understanding of host-virus interactions and disease
pathology. A major development to overcome these limitations is the
use of human intestinal enteroid (HIE) cultures to model the human
gastrointestinal epithelium. This system recapitulates the natural
intestinal epithelium and has been successfully used for replication of
rotavirus and NoV, providing a valuable tool for studying the infection
mechanisms of foodborne viruses'*'>.

Despite efforts to reduce foodborne viruses in the food industry by
developing several inactivation strategies, innovative technologies that
maintain the sensory and nutritional characteristics of the food products are
still needed. The diversity of virus types and emergence of new strains,
together with different sensitivities toward inactivation strategies, pose
major challenges in developing strategies to inactivate all foodborne viruses.
Therefore, it is crucial to develop innovative control technologies tailored to
each specific virus type and strain, adaptable to diverse sectors of the food
industry, and effective either as standalone solutions or in combination with
other techniques®.

Overall, AFM stands out as a single-molecule tool with unique
advantages over other biophysical methods, especially in its ability to probe
individual molecular interactions and providing unparalleled insight into
biomolecular behavior. When combined with other techniques, such as
optical microscopy, AFM’s capabilities are further enhanced, offering a
more complete picture of molecular structures and behaviors of foodborne
viruses'". Also, other methods fall short when it comes to the level of detail
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AFM can provide about single viruses, a capability made possible by its wide
range of specialized techniques and sophisticated data analysis tools.

The use of AFM-based techniques in combination with other micro-
scopy methods, together with integrating them with artificial intelligence
(AI) and machine learning tools, are positioned to be highly impactful in
developing strategies to overcome foodborne viral infections'. Although
there are no reports on combining AFM with Al to study foodborne viruses
yet, Al is being used to improve analysis of AFM images' and machine
learning approaches have been combined with AFM to not only enhance its
performance, but also increase data analysis efficiency, as reviewed in Masud
et al."*". Another review article, by Pregowska et al.'”’, describes artificial
intelligence and quantum computing as holding great potential in sup-
porting scanning probe microscopy techniques, such as AFM'’. Con-
currently, Al is already used in studying viral infections, with valuable
contributions in identifying new drug targets, unveiling virus-cell interac-
tions, predicting viral protein structures, and boosting vaccine design, as
described by Elste et al."*. For example, AlphaFold 3 has been used to offer
insights into the structure of the Nipah virus polymerase complex, advan-
cing our understanding of its replication process'”. Despite inherent
drawbacks of Al such as lack of quality data to train the algorithms, the
rapid development of these tools will most likely result in its widespread use
in biophysical research, with its applications being extended to foodborne
viruses.

Conclusion

Foodborne viruses are a significant cause of foodborne illnesses world-
wide due to their low infectious doses, long-term survival and severe lack
of specific and efficient inactivation strategies. Fundamental research on
foodborne viruses, such as their interactions with the food matrix, their
biological mechanisms, and structural properties, is of highest impor-
tance in the development of new strategies to combat foodborne
illnesses.

AFM’s ability to probe virus-surface and virus-host interactions on a
single-molecule level has made it especially relevant for understanding the
infection process of foodborne viruses, such as noroviruses.

Insight into adhesion to surfaces can guide the development of surface
treatments, coatings, and sanitization protocols aimed at preventing viral
spread. AFM also allows the identification of key viral proteins and host cell
receptors involved in virus attachment and entry, which offers valuable
information for the development of effective antiviral treatments. Lastly, this
technique allows for the quantification of binding forces and dynamics,
which is critical for identifying viral antigens that trigger immune responses,
with great potential in enhancing vaccine design. Thus, the use of AFM
alone and in combination with various other complementary techniques
offer innovative approaches for a comprehensive view on foodborne viral
infections and for future studies that aim at designing novel therapeutic
interventions.

It is also of note that emerging computational modelling approaches
and the use of Al are expected to become major contributors to expanding
our fundamental understanding of foodborne viruses. Ultimately, the
application of the biophysical methods described here can be extended to
other virus families as well, paving the way to a deeper knowledge on viral
infection.
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