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Abstract
Gastroenteritis and hepatitis are the most common illnesses resulting from the consumption of food contaminated with 
human enteric viruses. Several natural compounds have demonstrated antiviral activity against human enteric viruses, such 
as human norovirus and hepatitis A virus, while little information is available for hepatitis E virus. Many in-vitro studies 
have evaluated the efficacy of different natural compounds against human enteric viruses or their surrogates. However, only 
few studies have investigated their antiviral activity in food applications. Among them, green tea extract, grape seed extract 
and carrageenans have been extensively investigated as antiviral natural compounds to improve food safety. Indeed, these 
extracts have been studied as sanitizers on food-contact surfaces, in produce washing solutions, as active fractions in anti-
viral food-packaging materials, and in edible coatings. The most innovative applications of these antiviral natural extracts 
include the development of coatings to extend the shelf life of berries or their combination with established food technolo-
gies for improved processes. This review summarizes existing knowledge in the underexplored field of natural compounds 
for enhancing the safety of viral-contaminated foods and underscores the research needs to be covered in the near future.
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Introduction

In recent years, human enteric viruses have been recognized 
worldwide as one of the most significant causative agents of 
foodborne diseases (Harrison & DiCaprio, 2018; Ruscher 
et al., 2020). Human enteric viruses are mainly transmitted 
through the faecal-oral route, as infected people can excrete 
up to 100 viral particles per gram of feces, facilitating trans-
mission and infection (Arguedas & Fallon, 2004). Among 
them, human noroviruses are the leading cause of epidemic 
and sporadic acute gastroenteritis worldwide, making them 
the most common cause of foodborne illness (Ahmed et al., 
2014; Bartsch et al., 2016).

A wide variety of pathogenic viruses can be transmitted 
through the consumption of contaminated water or food. 

Among them, human norovirus, sapovirus, astrovirus, 
rotavirus and adenovirus are responsible for acute gastro-
enteritis, which manifests abruptly with symptoms such as 
diarrhea, vomiting, and sometimes is accompanied by fever 
and abdominal cramps. Severe gastroenteritis caused by 
human enteric viruses usually requires 2–5 days of treatment 
focused on maintaining good hydration of the patient (Glass 
et al., 2023). However, beyond the immediate symptoms and 
temporary discomfort induced by these enteric viruses, there 
is an increasing concern over their potential long-term health 
consequences. Recent studies indicate that some enteric 
viruses may have long-term impacts on the gastrointestinal 
system, potentially leading to the development of problems 
such as irritable bowel syndrome (IBS) and inflammatory 
bowel disease (IBD) in certain populations (Ansari et al., 
2020; Dehghani et al., 2023; Iliev & Cadwell, 2021).

On the other hand, hepatitis A virus (HAV) is the most 
frequent etiological causative agent of acute hepatitis asso-
ciated with water and food consumption (Ansari et  al., 
2020). HAV infection can be completely asymptomatic, as 
is usually in children under 5 years of age, or it can also 
cause acute hepatitis, which occurs frequently in adults and 
has two stages of development: a pre-jaundice stage and 
a jaundice stage, requiring hospitalization in some cases 
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(Dehghani et al., 2023). Another hepatitis virus transmitted 
through the faecal-oral route is the hepatitis E virus (HEV), 
which is zoonotic and considered a re-emerging foodborne 
pathogen in developed countries.10 According to the World 
Health Organization (WHO), HEV is estimated to cause 
44,000 deaths every year (Iliev & Cadwell, 2021). Depend-
ing on the genotypes, the routes of transmission can be either 
faecal-oral, usually through the consumption of contami-
nated drinking water or animal meat, or by direct contact 
with infected animals, typically occurring in developing 
countries (Pintó Solé et al., 2011). Recently, the presence of 
HEV has been described in different types of animal meat 
(such as cow and donkey) and in raw sheep’s milk (Demirci 
et al., 2019).

The contamination by food handlers or cross-contamina-
tion through contaminated surfaces is mainly associated with 
ready-to-eat products, such as salads, sandwiches, or bakery 
items, which are prepared or handled raw, or after the foods 
have been already cooked. Contamination can also occur 
during pre-harvest. This is the case of shellfish, eventually 
grown in fecally-impacted waters, as well as for leafy greens 
and berries contaminated in the fields by pickers or through 
polluted irrigation waters. The high risk associated with 
viral infection is due to the fact that all these food items are 
frequently eaten raw (Kupferschmidt, 2016; Sooryanarain & 
Meng, 2019). Globally, foodborne hazards cause approxi-
mately 600 million illnesses annually, with the human noro-
virus being responsible for 120 million cases attributed to 
water and food (Daniels et al., 2009). In 2021, there were 
4005 officially notified foodborne outbreaks (FBOs) in the 
European Union (EU), showing a 29.8% increase compared 
to 2020. Norovirus, including other caliciviruses, ranked 
as the third most frequently reported agents causing FBOs, 
according to reports from 14 EU member states and two non-
member states. France had the highest contribution with 112 
outbreaks. Hepatitis A caused FBOs in six member states, 
with one strong-evidence outbreak in Norway and a major 
weak-evidence outbreak in Czechia. Additionally, Hepatitis 
E FBOs were reported in Belgium and Switzerland, with a 
severe outbreak documented in Switzerland (Authority & 
European Centre for Disease Prevention and Control, 2022).

Enteric viruses present high stability to environmental 
stressors, providing them with long survival rates under 
extreme conditions. This resistance is also observed dur-
ing exposure to inactivation processes that are commonly 
applied in the food industry (e.g., thermal treatments, chemi-
cal disinfection) and along water (re)cycle processes (e.g., 
wastewater and drinking water treatment plants, WWTPs 
and DWTPs). Moreover, only a very low infectious dose is 
needed to cause a viral infection. For example, Rotavirus 
has an infectious dose of 0.9 focus forming units (ffu) (Ward 
et al., 1986), while Poliovirus Type 1 and Type 3 have doses 
of two plaque-forming particles and 1  TCID50, respectively 

(Katz & Plotkin, 1967). Norovirus, which has been exten-
sively studied, has an infectious dose of 18 viruses (Teunis 
et al., 2008). It is also noted that the infectious dose of HAV 
remains uncertain, with estimates ranging from one virion 
according to Grabow (1997) to an assumed range of 10–100 
virions based on research by Venter et al. (2007). These 
features represent the key factors contributing to FBOs by 
maintaining viral infectivity on surfaces (fomites) and in 
food products, spreading viral particles, and facilitating 
cross-contamination, finally resulting in highly transmitted 
diseases (Kuusi et al., 2002).

Furthermore, the economic impact of foodborne diseases 
attributed to enteric viruses, including health costs and pro-
ductivity losses, remains considerable (Ahmed et al., 2014; 
Bartsch et al., 2016; Havelaar et al., 2015). As such, the 
development of effective preventive measures and alterna-
tives to conventional food processing technologies is crucial 
for effectively tackling these pathogens.

Methodologies Applied to Assess 
the Antiviral Activity of Natural Compounds 
for Food Applications

To date, alcohols, quaternary ammonium compounds, and 
chlorine have been the most commonly used and studied 
sanitizers in food industry (Falcó et al., 2023a, b; Ogunniyi 
et al., 2019). However, the EU and the USA are intending to 
limit their use, especially chlorine-based sanitizers, due to 
concerns about chemical residues (WHO, 2013). Searching 
for alternative compounds with lower risk for consumers, 
natural compounds with antimicrobial and antiviral activity 
have emerged as promising candidates for use in food pro-
cesses. Consequently, the evaluation of the antiviral activity 
of these natural compounds in food matrices has seen sig-
nificant developments in recent years (McLeod et al., 2022). 
Traditionally, these assessments involve contaminating a 
sample with a known amount of virus and measuring the 
viral titer after exposure to specific conditions and/or com-
pounds. Statistical analyses are then applied to determine 
the significance of viral decay. However, these approaches 
rely on viruses that can be cultured in cell lines and quan-
tify through infectivity assays. This limitation restricted the 
range of viruses and strains that could be studied, such as 
human norovirus, and HAV and HEV wild type strains, for 
which in-vitro cultivation systems remain challenging (Estes 
et al., 2019; Fu et al., 2019; Kanda et al., 2020; Todt et al., 
2018). Virus detection through cell culture mainly relies 
on observing cytopathic effects, followed by quantification 
using plaque assays, the most probable number, or tissue 
culture infectious dose (TCID50) using surrogate viruses 
or cell-culture adapted strains. In recent years, significant 
progress has been made in developing systems capable of 
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cultivating human noroviruses in-vitro using three-dimen-
sional enteroids generated from human intestinal stem cells 
(known as human intestinal enteroids, HIE) (Ettayebi et al., 
2016). Additional alternative models to cultivate human 
norovirus have been recently described, including the zebra 
fish model (Dycke et al., 2019; Tan et al., 2023) and human 
salivary glands (Ghosh et al., 2022). However, it is important 
to acknowledge that some limitations still exist, which must 
be addressed before these models can be used on a routine 
basis (Costantini et al., 2018; Ettayebi et al., 2016). To over-
come these limitations, researchers turned to cultivable sur-
rogates such as feline calicivirus (FCV), murine norovirus 
(MNV), and Tulane virus (TV) to assess human norovirus 
survival following inactivation processes. However, the suit-
ability of these surrogate models has been questioned and 
requires further confirmation (Bae & Schwab, 2008; NAC-
MCF Executive Secretariat, 2016).

Alternative methods for assessing the binding ability, 
integrity of the capsid, or the integrity of the nucleic acid 
have been proposed as indirect measurements of viral infec-
tivity. Saliva and porcine gastric mucin (PGM) contain mul-
tiple human histoblood group antigens (HBGA) recognized 
as (co-)receptors for human norovirus (Tian et al., 2005). 
Thus, saliva and PGM have been used to selectively recover 
potentially infectious human noroviruses (Dancho et al., 
2012; DiCaprio, 2017). These binding assays have been used 
to evaluate the antiviral activity of grape seed extract (GSE) 
and green tea extract (GTE) against human norovirus and 
virus-like particles (VLPs) of human norovirus (Falcó et al., 
2019a, b, c; Li et al., 2012). Conversely, viability markers, 
such as photoactivatable dyes (e.g., propidium and ethidium 
monoazide) or metal compounds like platinum chloride, can 
penetrate damaged or altered viral capsids and intercalate 
the nucleic acid, thereby interfering with PCR amplifica-
tion. This allows for the estimation of potentially infectious 
viruses. Thus far, viability RT-qPCR has been successful in 
detecting the inactivation of human norovirus genogroup I 
(GI) and GII exposed to epigallocatechin gallate, a derived 
compound from GTE (Falcó et al., 2017). However, a recent 
study reports significant limitations of viability RT-qPCR 
compared to replication in HIE for inferring human norovi-
rus inactivation (Wales et al., 2024). An additional analytical 
tool is the full-length or long-range RT-PCR which has been 
used to estimate genomic integrity as a proxy for viral infec-
tivity (Pecson et al., 2011; Raymond et al., 2023). However, 
as amplification efficiency decreases with fragment size, its 
robustness and sensitivity have not always been confirmed.

Evaluation Methods for Antiviral Activity 
in Formulations

The absence of an official regulation specifically designed 
to evaluate the antiviral activity of natural compounds for 

food applications forced scientists to use or adapt home-
made protocols. Increasing numbers of standards are being 
released for viruses; however, many fields of application 
remain uncovered. The majority of standards in applied 
virology are derived from those originally developed for 
bacteria. For example, the ISO 12353, developed to deter-
mine the bactericidal activity, served as framework for ISO 
14476, which establishes the methods for virucidal activity 
(ISO, 2015). However, due to the inherent differences among 
microorganisms, many bacterial standards are not suitable 
for viruses.

As a preliminary procedure to assess the antiviral activity 
of natural compounds, the evaluation involves a solubiliza-
tion/emulsification step of the natural compounds at a given 
concentration. This is followed by a viral inoculation into 
the solution, a waiting/contact time during which the active 
compound in the solution exerts its activity, and finally, a 
neutralization step using a solution (referred to as a neutral-
izer) to stop the compound’s action. In the food industry, 
a relevant variable to considered is the organic load of the 
solution in which the natural compound is expected to be 
used. To mimic this, fetal bovine or calf serum is added to 
the solution at a typical concentration of 10% v/v to mimic 
the organic load of dirty surfaces. A comprehensive inves-
tigation should also monitor additional factors including 
temperature, solubility of compounds, static or agitation 
conditions, and pH. After neutralization, viral inactivation 
should be determined by directly titrating the solution in cell 
culture. The experimental design requires the inclusion of 
proper controls: a positive-control solution with the virus 
only (without the active compound) must be tested under 
the same experimental conditions to rule out potential viral 
decay, and a negative-control solution (without the virus and 
without the natural compound) must be tested to check any 
effect on the cells. In addition, assessment of cytotoxicity 
can be performed by monitoring changes in cell appearance, 
such as cell enlargement, granularity, rounding and plaque 
detachment over time, while the MTT assay provides a rapid 
and sensitive method for evaluating antiviral agents. Inclu-
sion of a neutralization control is also necessary ensures 
cessation of antiviral activity at a specific time point.

Considering all these variables, the resulting protocols 
differ in the solubilization, exposure, and titration techniques 
adopted depending on the specific antiviral compound being 
tested and the intended food application.

Methods for Assessing the Antiviral Activity 
of Antiviral Materials

The broad range of applications and diverse nature of mate-
rials made the establishment of standard methods for evalu-
ating their antiviral properties challenging. Consequently, 
researchers have adapted existing methods designed for 
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evaluating the antibacterial activity of antibacterial- and 
antifungal-treated plastics, as well as other non-porous sur-
faces (e.g., ISO 22196, and JIS Z 2801 standards), to test the 
antiviral properties of materials (Pecson et al., 2011; Wales 
et al., 2024). In 2018, the ISO 16777 and ISO 21702 stand-
ards were specifically release to assess the virucidal capac-
ity of materials. While these standards are not specifically 
intended for food industry applications, they both align with 
the goal of testing the antiviral effectiveness of materials 
incorporating natural compounds against foodborne viruses 
(ISO, 2015; Raymond et al., 2023).

The assessment of the antiviral properties of polymeric 
materials typically involves viral inoculation onto the mate-
rial, a waiting/contact period for the active compound in 
the polymeric material to exert its antiviral effect, and a 
subsequent recovery step using a neutralizing solution or 
swabbing. Control materials without active compounds are 
included for comparison. However, challenges arise when 
applying this approach to coatings due to the gel-like nature 
of the biopolymers commonly used. To address this, ISO 
14476 has been successfully adapted to test the antiviral 
activity of polymer gels (Falcó et al., 2019a, b, c).

In addition to the variations mentioned above, real-world 
applications may introduce additional variables, as food 
matrices can interact with antiviral compounds, requiring 
higher compound concentrations for the same effect reported 
in-vitro. Consequently, while laboratory tests may report 
high antiviral activity, the translation of these findings into 
reduced foodborne viral transmission risk in practical sce-
narios remains an underexplored area pending to be compre-
hensively assessed in the future. For instance, antiviral activ-
ity observed in laboratory tests involving silver nanoparticles 
on coupons did not consistently replicate when applied to 
highly turbid surface waters, possibly due to interactions 
with nonspecific particles (Luceri et al., 2023). This high-
lights the evolving nature of antiviral material assessment in 
addressing scientific challenges and real-world complexities.

Natural Compounds

The search for novel alternatives to traditional chemical 
and physical processing technologies for food conservation 
and decontamination is one of the main objectives of the 
WHO and the food industry (Kuusi et al., 2002). In addi-
tion to the increasing consumer demand for worthwhile 
and “green” alternatives to chemicals, a special interest has 
emerged in the use of natural compounds. Generally, natu-
ral compounds display low toxicity and a lack of secondary 
effects, as most of them are Generally Recognized as Safe 
(GRAS) substances (Havelaar et al., 2015). The moderate 
production costs and their abundance in raw materials and 
by-products make natural compounds an important source 

of antimicrobials and a great alternative to chemicals, allow-
ing them to be used as harmless formulations for preserving 
food safety (Falcó et al., 2019a, b, c; ISO, 2019).

Several studies have investigated the antiviral activity of 
natural products without characterizing their chemical com-
position, being the compounds responsible for viral inactiva-
tion unknown (Luceri et al., 2023). For instance, date syrup 
and propolis blocked norovirus VLP binding to HBGAs, 
caused by the aggregation of viral particles as indicated by 
dynamic light scattering (Ayaz et al., 2019).

For decades, several secondary metabolites present in 
plant extracts, otherwise known as phytochemicals, have 
been extensively studied due to their antimicrobial proper-
ties. Furthermore, their synergetic activity with many drugs 
to combat multi drug-resistant pathogens has been reported 
(Burt, 2004; El-Saber Batiha et al., 2021). For these reasons, 
studies on natural compounds propose them as an alternative 
method to control enteric virus contamination. Among plant 
extracts, the Ephedra herba crude extract was demonstrated 
to inhibit human norovirus infection in post-entry steps 
using the HIE model (Hayashi et al., 2023). Silvestrol, a 
secondary metabolite from Aglaia foveolata plant, is known 
for its specific inhibition of the RNA helicase and recently 
demonstrated to block HEV replication in a dose-dependent 
manner at low nanomolar concentrations acting additively 
to ribavirin (Kanda et al., 2020; Luceri et al., 2023). Also, 
extracts approved by US Food and Drug Administration as 
food additives in beverages demonstrated antiviral activity 
against norovirus surrogates, such as the case of Quillaja 
saponaria Molina (Ruoff et al., 2022).

Phytochemicals, can be divided into different categories: 
organic acids, essential oils (EOs), polypeptides, polyphe-
nols, proanthocyanins, saponins, polysaccharides and sulfur 
compounds. In the last decade, antiviral studies have focused 
primarily on polyphenols and Eos (Ayaz et al., 2019; Battis-
tini et al., 2019; Bozkurt et al., 2014; Joshi et al., 2023). For 
most of them, the specific mechanisms behind the antiviral 
effect are not fully understood, but the damage of differ-
ent structures involved in infection (viral capsid or host cell 
membranes), which subsequently affects viral attachment to 
host cells, has been frequently observed (Knight et al., 2013; 
Zhang et al., 2012a, b). As summarized in Table 1, numer-
ous natural compounds have been evaluated against enteric 
virus or surrogates.

Natural Compound Categories

Polyphenols

This group of phytochemicals is one of the most important 
due to its antioxidant, anticarcinogenic or neuroprotective 
properties, among others. Consequently, the trade of poly-
phenols as functional food has increased in the last decade 
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Table 1  Major groups of natural compounds categories evaluated against human enteric viruses or their surrogates

FCV feline calicivirus; MNV murine norovirus; HAV hepatitis A virus; RT rotavirus; UDL under detection limits; NTD no titer decrease
*% RV Binding, **OD450

Category Main natural compound Viruses evaluated Method Reductions (log) References

Polyphenols Grape Seed Extract FCV PFU 4.61 Amankwaah (2013)
MNV 1.73
HAV 3.20

Green tea extract Human Norovirus RT-qPCR 0.31 Falcó et al. (2019a, b, c, 2020), Ran-
dazzo et al. (2020)MNV TCID50 UDL

HAV
Immature persimmon fruit MNV Su et al. (2010a, b), Zhong et al. (2012)

HAV NDT
Posidonia Oceanica FCV 3.4 Méndez et al. (2021)

MNV 2.6
Ziziphora hispanica FCV 4.21 Benito-González et al. (2019), Duque-

Soto et al. (2022)MNV NDT
Thymus longiflorus FCV 2.25

MNV NDT
Origanum bastetanum FCV 2.21

MNV 2.16
Luma apiculata (DC.) Burret UDL Duque-Soto et al. (2022)

Essential oils and 
compounds 
thereof

Carvacrol FCV Moussaoui (2013)
MNV
HAV 1.0

Zataria FCV NTC Battistini et al. (2019)
MNV 0.1
HAV 0.4

Lemongrass 2.8 Gilling et al. (2014)
Mint MNV 0.9
Oregano FCV 0.3 Zhang et al. (2012a, b)

HAV 0.1
Thymol MNV 0.5 Kovač et al. (2012)

HAV NDT
Orange 2.1 Kim et al. (2017), Kovač et al. (2012)
Grapefruit 2.9
Rosemary 3.0
Clove FCV 3.8 Zhang et al., (2012a, b)

MNV 0.8
Allspice FCV Elizaquível et al. (2013)

MNV
Polysaccharides Stevia rebaudiana RV Binding 28%* Takahashi et al. (2001)

Chitosan FCV PFU  > 3.1 Amankwaah (2013)
β-glucans MNV TCID50  > 3.30 Pérez-Bassart et al. (2024)
Carrageenans 3.2 Falcó et al. (2019a, b, c)

HAV 2.7
Organic acids Citrate Human Norovirus Binding 3.60** Girond et al. (1991), Koromyslova et al. 

(2015)
Betulinic acid FCV TCID50/mL 4.17 Li et al. (2013)

Proteins Lactoferrin MNV
RV

PFU UDL Ishikawa et al. (2013), Kvistgaard et al. 
(2004)0.6
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(Cozzi et al., 2023; Zhang et al., 2012a, b). Foods such as 
cranberries, grapes, or pomegranates are rich in polyphenols. 
Different studies have reported that cranberry and pome-
granate juices, GSE, and GTE have strong antiviral activity 
against human norovirus and its surrogates, includingFCV, 
MNV, and TV, as well as HAV (Amankwaah, 2013; Chiang 
et al., 2003; Falcó et al., 2020; Li et al., 2012; Randazzo 
et al., 2020; Yilmaz & Toledo, 2004). GSE is recognized for 
containing a minimum of 95% flavanols among polyphenols, 
with 12% being highly active monomeric proanthocyanidins 
and 82% oligomeric proanthocyanidins. GTE primarily com-
prises catechins, a class of flavonoids known for their anti-
microbial activity. Epigallocatechin-3-gallate (EGCG) and 
epicatechin gallate (ECG) have been identified as the most 
effective antiviral compounds among those contained in 
GTE (Amankwaah, 2013; Randazzo et al., 2020). Although 
the specific antiviral components contributing to the antivi-
ral activity have not always been identified, it seems that dif-
ferent compounds included in the natural extracts play a syn-
ergistic role in exerting the antiviral effect. For instance, the 
antiviral mechanism of action for cranberry polyphenols, as 
described by Lipson and collaborators, relies on the preven-
tion of virus replication inside the host cells (Zhang et al., 
2012a, b). Nevertheless, other authors have reported changes 
in the viral capsids resulting in the failure of cell infection 
(Cozzi et al., 2023). Studying the antiviral activity of GTE, 
Falcó and colleagues found that the derivatives of EGCG, a 
flavonoid from GTE, are responsible for the antiviral effect 
of GTE at different pH, exerting subtle alterations of the cap-
sid proteins while preserving the binding ability of human 
norovirus (Knight et al., 2013). Furthermore, improvements 
of the antiviral activity of GTE was enhanced by prepar-
ing the GTE solution 24 h before its use (aged-GTE). In 
addition, esters of EGCG with polyunsaturated fatty acids 
exhibited anti-hepatitis C virus activity (Yilmaz & Toledo, 
2004). Bio-active extracts from immature persimmon fruits, 
containing significant phenolic contents (~ 11–27 mg gallic 
acid (GA)/g dry extract), displayed antiviral activity against 
MNV and HAV (Lipson et al., 2007). Similarly, extracts 
from Posidonia oceanica at concentrations of 0.5%, with 
polyphenols content of approximately 80 mg GA/g extract, 
were able to reduce the titers of both FCV and MNV by 
more than 2 log (Su et al., 2010a).

Medicinal and aromatic plants (MAPs) are also potential 
sources of natural bio-active phytochemical compounds, 
with polyphenols being the most relevant antioxidant mol-
ecules for food applications (Su et al., 2010b). Some of these 
MAPs have exhibited antiviral activity against MNV, FCV, 
and HAV. Duque-Soto and collaborators showed that poly-
phenols from Ziziphora hispanica, Thymus longiflorus, and 
Origanum bastetanum extracts reduced FCV titers by 4.2, 
2.2, 2.2, and 2.4 log at 5 mg/mL, respectively, when tested 
at 25 °C. In the case of MNV, significant differences were 

observed for Origanum bastetanum, resulting in reductions 
by 1.5 log at 0.5 and 5 mg/mL (Duque-Soto et al., 2022). 
Similarly, Sandoval and collaborators evaluated the phenolic 
and antioxidant compounds extracted from arrayan (Luma 
apiculata (DC.) Burret) leaves against enteric viruses. MNV 
titers were reduced to undetectable levels, while HAV titers 
decreased by 2.4 log (Carrasco-Sandoval et al., 2022). The 
polyphenols  extracted from the roots of Chinese liquo-
rice (Glycyrrhiza uralensis), such as glyasperin, glycyrin, 
2′-methoxyisoliquiritigenin, licoflavonol, and glyasperin D, 
have been demonstrated to inactivate rotaviruses by directly 
inhibiting viral binding (Kwon et al., 2010).

About 50 Chinese plants were screened against human 
norovirus, and results showed that antiviral activity was 
determined by the inhibition of norovirus HBGA receptors 
bound by tannic acid (Zhang et al., 2012a, b).

Essential Oils and Compounds Thereof

EOs and their derivatives are aromatic compounds extracted 
from different plant parts. In the past, the industry has 
used EOs as flavoring agents and natural antimicrobials to 
improve food safety (ISO, 2019; Pinto et al., 2021).

Although there have not been many studies evaluating 
efficacy of EOs on human enteric viruses, published results 
suggest their use could be promising in the food sector. Car-
vacrol, lemongrass, allspice, mint oregano, or thymol are 
some of tested compounds (Table 1) (Carrasco-Sandoval 
et al., 2022; Chouhan et al., 2017; Duque-Soto et al., 2022; 
Elizaquível et al., 2013; Kwon et al., 2010; Zhang et al., 
2012a, b). Significant reductions of more than 3 log were 
shown by thyme, clove or allspice Eos, inhibiting MNV and 
FCV replication (Carrasco-Sandoval et al., 2022; Duque-
Soto et al., 2022; Elizaquível et al., 2013). Discrepant results 
have been reported on the efficacy of EOs against HAV. For 
example, thymol was tested by Sanchez and Aznar without 
success, however Battistini and collaborators, demonstrated 
the efficacy of lemon, grapefruit and rosemary cineole EOs 
on HAV, reducing viral titers by nearly 3 log (Battistini 
et al., 2019; Sanchez et al., 2015). A relevant factor to be 
considered when assessing the antiviral effect of EOs is the 
procedure used for the extraction, as different fractions and 
concentrations of active compounds may result. Additional 
variables to be considered are the seasonal variations due to 
the time of harvest, the plant germoplasms/variety, solubility 
and oxidation (Settanni et al., 2014).

The antiviral mechanism is specific of the type of EOs 
considered in general, the initial degradation of the capsid is 
followed by the subsequent damage of the viral RNA, finally 
preventing viral adsorption to host cells. Specifically, it has 
been reported that EOs denature structural glycoproteins 
and proteins of the viral particle, rendering them completely 
unable to infect (Chouhan et al., 2017).
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Polysaccharides

Polysaccharides constitute a group of bio-active compounds 
with huge structural diversity, and some of them show anti-
viral activity. For example, Stevia rebaudiana, one of the 
most popular ingredients currently used by the food industry 
for its sweetening characteristics with low calorific value, 
has demonstrated antiviral activity against rotaviruses (Taka-
hashi et al., 2001). Chitosan, derived from chitin, the second 
most abundant polysaccharide after cellulose, reduced FCV 
infectivity by more than 3 log (Akter et al., 2014; Amank-
waah, 2013; Davis et al., 2012). In a recent study, the anti-
viral activity of aqueous fractions rich in β-glucans from 
Pleurotus ostreatus was evaluated against MNV to elucidate 
whether the extract composition and structural complexity of 
the β-glucans affected the antiviral activity. Overall, purified 
β-glucans significantly reduced MNV titers below the limit 
of detection, indicating that the greater structural heteroge-
neity of the polysaccharides had a positive effect on their 
antiviral properties. Consequently, the antiviral activity of 
the extracts was mainly attributed to the amount and type of 
polysaccharides, rather than the content of polyphenols and 
other low molecular weight compounds present in this type 
of natural compounds (Akter et al., 2014).

While not many natural compounds have been tested on 
HAV, three types of different carrageenans (iota-, lambda- 
and kappa carrageenan) were assayed in-vitro to assess 
their antiviral effect, resulting in up to 1.6 log reduction for 
ι-carrageenan at 500 mg/ml (Girond et al., 1991).

Organic Acids

The use of organic acids, specifically citric acid, is wide-
spread in the food industry. Citrates, which are salts of citric 
acid used in food supplements and some medications, are 
also used. Studies on the effect of citrate on HAV particles 
revealed that epitopes became more accessible to antibod-
ies, making them more susceptible to inactivation (Hansman 
et al., 2012). Additionally, Hansman and collaborators dem-
ostrated that citrate had the potential to inhibit the interac-
tion of human norovirus with HBGAs, thereby blocking host 
infection. This supports the idea that foods rich in organic 
acids, such as citrus fruits, together with other bio-active 
compounds, may exert antiviral activity (Hansman et al., 
2012; Li et al., 2013).

McLeod and colleagues investigated the application of 
citric acid and acetic acid to inactivate HEV on food and 
on food-contact surfaces. By measuring viral infectivity by 
cell culture, the authors concluded that while citric acid and 
acetic acid have potential applications to control HEV on 
food-contact surfaces, they are not suitable for direct use on 
food (McLeod et al., 2022).

Kowalczyk and coauthors performed assays where betu-
linic acid from hairy roots of Senna obtusifolia was tested 
against norovirus surrogates, showing 4 log reduction in 
FCV infectivity (Kowalczyk et al., 2021).

Proteins

In-vitro studies indicate that certain milk proteins interfere 
with viral infections. Lactoferrin, found in cow and breast 
milk, has been extensively researched for its ability to hinder 
viral infections, including MNV, poliovirus (PV) and rota-
virus. This interference primarily occurs through lactoferrin 
binding to receptors on the host cell's surface or on viral par-
ticles. Furthermore, it disrupts viral protein structures and 
inhibits viral replication (Ishikawa et al., 2013; Kvistgaard 
et al., 2004; Pan et al., 2006).

Natural Compounds in Food Applications

Within the food industry, various preservation methods, 
including heat treatment, salting, acidification, and drying, 
have been employed to extend the shelf life of food items 
and guarantee their safety by inhibiting the growth of spe-
cific microorganisms and inactivating human pathogens. 
Additionally, there is a growing interest in foods preserved 
with natural additives. These natural bio-active compounds 
can be directly incorporated into the product, applied to the 
food surfaces, integrated into packaging materials, or used in 
antiviral coatings, ensuring their efficacy in controlling viral 
contamination (Burt, 2004; Randazzo et al., 2018).

Antiviral Activity of Natural Compounds in Food 
Applications

Currently, the exploration of natural compounds as potential 
antiviral agents in food applications represents a burgeon-
ing area of research, with promising implications for food 
safety and public health. While this field is still in its early 
stages, a growing number of studies have begun to investi-
gate the use of natural compounds to mitigate viral contami-
nation in various food products. These investigations have 
yielded insights into the effectiveness of direct applications 
of different compounds in a range of food types, includ-
ing jalapeno peppers, apple juice, milk, lettuce, and oysters. 
As a result, titer reductions for FCV, MNV, and HAV were 
reported when treated with GSE, carvacrol, and curcumin 
(Joshi et al., 2015; Sanchez et al., 2015; Su & D’Souza, 
2013). Table 2 summarizes the main applications of natural 
antiviral compounds studied in recent years.
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Natural Compounds as Sanitizers for Produce

To date, chlorine has been the primary sanitizer used by 
produce industry. Current studies show that both chlorine 
and chlorine dioxide have a high capacity to inactivate 
human enteric viruses or their surrogates, such as HAV, 
human norovirus, MNV, TV and MS2 coliphage, when a 
minimum concentration of sanitizer and a given contact 
time are ensured (Allende et al., 2024; Dunkin et al., 2017; 
Falcó, et al., 2023a, b). Despite the efficacy shown by these 
compounds, peracetic acid, widely employed to control 
bacterial contamination, does not yield the same conclu-
sion. The European Union and the USA are considering 
banning or reducing the use of chlorine and chlorine diox-
ide because of the chemical by-products generated (Van 
Haute et al., 2014). Thus, there is an increasing interest in 

the use of natural antiviral compounds in food processes, 
particularly in washing steps, to pursuit safer food pro-
cessing methods and minimized risk for consumers. So 
far, carvacrol, GSE, and GTE are among the most popular 
natural compounds used as antiviral sanitizers (Fig. 1). In 
a study conducted by Sánchez et al. (2015), the antiviral 
activity of carvacrol was evaluated during the washing of 
lettuce, revealing reductions of nearly 2 log and reaching 
the limit of detection for norovirus surrogates after 30 min 
of exposure to a 1% carvacrol solution. Even more remark-
able results were observed when GSE was used to disinfect 
peppers and lettuce, with viral titers for FCV, MNV, and 
HAV decreasing by 5.0, 1.2, and 1.2 log, respectively, after 
5 min of treatment (Su & D’Souza, 2013). In addition, 
GTE was evaluated as a natural disinfectant for produce. 
A 10 mg/ml GTE solution reduced MNV and HAV titers 

Table 2  Food applications using natural compounds with enteric antiviral activity

Red reduction; FCV feline calicivirus; MNV: murine norovirus; HAV hepatitis A virus; GSE grape seed extract; GTE green tea extract; CNMA 
cinnamaldehyde; AITC allyl isothiocyanate; UDL under detection limits; NTD no titer decrease

Food application Natural compound Concentration Matrix Virus Method Red Refs.

Washing Carvacrol 1% Lettuce FCV TCID50 0.92 Sanchez et al. (2015)
MNV 1.00

GSE 0.025% Pepper FCV PFU 2.71 Joshi et al. (2015)
0.1% MNV 0.8

GTE 0.5% Lettuce HAV TCID50 0.79 Randazzo et al. (2017)
1% Spinach MNV 1.80

Food-contact surfaces GSE 0.2% Stainless steel PFU 0.56 Li et al. (2012)
GTE 1% TCID50 3.46 Randazzo et al. (2017)

Glass 1.79
HAV  > 2.80

Acid citric 1% Stainless steel HEV RT-qPCR 2.20 McLeod et al. (2022)
Plastic 2.30

3% Stainless steel 2.36
Plastic 2.32

5% Stainless steel 2.44
Plastic 2.48

Packaging GSE 15% Chitosan film MNV PFU 2.27 Amankwaah (2013)
GTE 1:0.5

(Alginate:GTE)
Alginate TCID50 2.25 Fabra et al. (2018)

1:0.75
(Alginate:GTE)

2.79

CNMA 75 wt %
(Zein/CNMA)

Polyhydrobutyrate FCV UDL Fabra et al. (2016)
MNV 2.75

Coatings GTE 1:0.7
(Alginate:GTE)

Strawberries 1.96 Fabra et al. (2018)HAV

1:0.7 (Carrageenans:GTE) Raspberries MNV 2.5 Falcó et al. (2019a, b, c)
Blueberries 1.54

AITC 0.5%
(Persian Gum:AITC)

2.04 Sharif et al. (2021)

Larrea nitida Agar UDL Moreno et al. (2020)
Alginate



288 Food and Environmental Virology (2024) 16:280–296

in lettuce and spinach by more than 1.5 log after a 30-min 
treatment (Randazzo et al., 2017).

In spite of these promising applications, more studies are 
still needed to define treatment times and temperature con-
ditions, adapting natural compounds to specific operational 
conditions.

Natural Disinfectants for Decontaminating 
Food‑Contact Surfaces

As commented previously, cross-contamination through 
food-contact surfaces is an important source of human 
enteric virus transmisión (Sanchez et al., 2015; Van Haute 
et al., 2014). Food surfaces are susceptible to contamination 

through direct contact with body secretions, lack of hygiene 
from food handlers, or aerosols generated by talking, sneez-
ing, coughing, or vomiting. It is now well-established that 
chemical sanitizers exert strong antiviral activity on con-
taminated food-contact surfaces (Su & D’Souza, 2013; Van 
Haute et al., 2014). While their efficacy has been widely 
demonstrated, chemical sanitizers may require additional 
washing steps to ensure the removal of chemical residues 
that could potentially contaminate the food.

Nevertheless, despite the importance of alternatives for 
cleaning surfaces, there are few studies assessing the use of 
natural compounds as sanitizers, except for GSE and GTE 
(Table 2, Fig. 2). GSE, applied at 1 mg/mL for 30 s, effec-
tively reduced Aichi virus (AiV) to undetectable levels under 

Fig. 1  Overview of the experimental design for testing the antiviral activity of natural sanitizers

Fig. 2  Overview of the experimental design for testing the antiviral activity of natural disinfectants for decontamination food-contact surfaces
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clean conditions. In the presence of organic load, simulating 
unclean conditions, GSE concentrations of 2 and 4 mg/mL 
significantly reduced AiV infectivity (Abad et al., 2001). 
However, under conditions simulating real-world applica-
tions in the food industry, the efficacy of 2 mg/mL GSE on 
stainless steel surfaces contaminated with MNV was lim-
ited after 10 min (Joshi & D’Souza, 2021). Additionally, 
10 mg/mL GTE for 30 min notably reduced MNV by 1.5 
log and completely inactivated HAV on stainless steel and 
glass surfaces, complying with the ISO 13697:2001 stand-
ard (Randazzo et al., 2017). Citric and acetic acids were 
demonstrated to inactivate HEV on food-contact surfaces. 
Specifically, HEV-contaminated plastic and stainless steel 
surfaces were treated with acetic or citric acid at 1, 3, or 5%. 
Viral infectivity was reduced by more than 2 log as deter-
mined by cell culture, indicating that citric and acetic acids 
have potential applications to control HEV on food-contact 
surfaces (McLeod et al., 2022).

Overall, the above-mentioned studies revealed differences 
depending on the type of surface, highlighting the limited 
transferability of the results because of the high concentra-
tion and extended exposure/contact time, which may not be 
suitable for real scenarios.

Bio‑Active Packaging and Coatings

While the primary approach to preventing foodborne viral 
infections involves adhering to good hygienic, agricul-
tural, and manufacturing practices active packaging stands 
out in the realm of food technology as an innovative solu-
tion, catering to consumer demands for fresh, ready-to-eat 
food while aligning with global market trends (Vojir et al., 
2012). Numerous studies have established the effectiveness 
of active packaging in prolonging the shelf life of food items 
and controlling foodborne pathogenic bacteria.111 Nowa-
days, materials endowed with antimicrobial properties are 
widely utilized in the food industry, with several commer-
cially available options (Seymour & Appleton, 2001).

Despite extensive research on the effectiveness of anti-
microbial packaging against foodborne pathogenic bacteria 
and molds, investigations into their efficacy against human 
enteric viruses has only been reported in recent times. Thus, 
the development of materials enriched with antiviral natural 
compounds for food applications is emerging as an innova-
tive approach that holds potential in preventing both cross 
and recontaminations. The resulting antiviral effect could be 
due to the material itself or the inclusion of antiviral com-
pounds within the structure of the material that comes into 
contact with the contaminated food. In addition, the material 
could act as a carrier of the antiviral compounds, ideally 
gradually releasing them as volatile substances (Tiwari et al., 
2009). Thus, packaging and coating materials can serve as 
an excellent vehicle for antiviral compounds in many fields 
within the food industry, such as food packaging, food-con-
tact surfaces, and edible coatings (ISO, 2019).

Natural Antiviral Packaging

Edible films containing GTE or GSE have been formulated 
using different matrices and tested, as shown in Fig. 3 (Fabra 
et al., 2018; Falcó et al., 2019a, b, c). For instance, Fabra 
et al. incorporated cinnamaldehyde into a polyhydrobutyrate 
matrix, achieving significant reductions in MNV and FCV, 
although HAV proved more resistant (Fabra et al., 2016). By 
adapting the ISO 22196:2011 the authors estimated reduc-
tions of 2.75 log for MNV and a complete inactivation for 
FCV, while HAV proved to be resistant. Amankwaah (2013) 
explored the use of GSE in chitosan films, achieving sub-
stantial reductions in MNV titers, particularly with high 
GSE concentrations. Fabra et al. developed edible films with 
GTE and GSE in an alginate matrix, displaying promising 
antiviral activity (Fabra et al., 2018).

Natural Antiviral Coatings

Edible coatings have emerged as a novel approach to control 
pathogens in raw foods like berries, which are susceptible to 

Fig. 3  Overview of the experimental design for testing the activity of natural antiviral packaging



290 Food and Environmental Virology (2024) 16:280–296

contamination by human enteric viruses (Fig. 4). Evaluating 
the efficacy of GTE-coated berries revealed the inactivation 
of MNV and HAV during storage at 10 and 25 °C, although 
this effect varied with the type of berry (Fabra et al., 2018). 
Strawberries have been used as models for testing antivi-
ral coatings, including κ-, ι-, and λ-carrageenan with GTE, 
effectively inactivating MNV and HAV (Falcó et al., 2019a, 
b, c). Similarly, the study explored the antiviral properties of 
natural compounds in blueberry coatings, highlighting the 
enhanced efficacy of allyl isothiocyanate (AITC), especially 
at 37 °C, and the potential of agar and alginate-based coat-
ings with or without the antiviral extract to inactivate enteric 
viruses, thereby enhancing food safety (Fabra et al., 2018; 
Falcó et al., 2019a, b, c; Sharif et al., 2021).

Hurdle Technologies Involving Antiviral 
Natural Compounds

In the field of food technology research, the increas-
ing demand for green food-processing technologies with 
improved sustainability (e.g., reduced energy/water con-
sumption) and enhanced ability to prevent infections has led 
to the development of groundbreaking hurdle approaches, 
also known as hurdle technologies. These food processes 
combine a variety of technologies that constitute succes-
sive obstacles or barriers able to either eliminate the pres-
ence of pathogens or significantly reduce their presence. 
This approach has helped pave the way for new food safety 
standards. The combination of different hurdles results in 
pronounced inactivation efficacy due to additive or syner-
gistic effects. In the hurdle effect, overall pathogen inactiva-
tion is not just the sum of the different preservative factors 

(additive effect), but it is even greater given the synergistic 
activity of the treatments (synergistic effect) (Gurtler et al., 
2019; Leistner & Gorris, 1995).

Among many examples, the use of natural antimicrobi-
als has been combined with mild processing techniques to 
minimize the severity of food processing while achieving 
the inactivation of foodborne pathogens (Del Nobile et al., 
2012). This approach results in cost savings, maintenance 
of food safety, and preservation of nutritional and sensory 
attributes.

Traditionally, thermal treatments have been the most 
commonly applied technology for food preservation in both 
domestic and industrial settings (Gurtler et al., 2019). Unfor-
tunately, high temperature treatments negatively impact food 
quality, decreasing both the nutritional and sensory value 
of foods (Leistner & Gorris, 1995; Peng et al., 2017). Thus, 
combining mild thermal treatments with additional hur-
dles, such as antimicrobial compounds, has been pointed 
out as a solution able to preserve food quality while ensur-
ing food safety. This combination of technologies has been 
described as chemically-assisted low-temperature pasteuri-
zation or heat sensitization (Butot et al., 2008; Koskiniemi 
et al., 2013; Peng et al., 2017). The synergistic effect of 
natural compounds and food processing technologies has 
been reported for heat treatments coupled with curcumin, 
gingerol, GSE, or GTE on TV, MNV or HAV (Falcó et al., 
2020; Patwardhan et al., 2020).

Patwardhan and colleagues investigated the effect of heat 
sensitization using curcumin, gingerol (from ginger), and 
GSE, on HAV and TV. Decreased D-values for TV and HAV 
were observed when heat treatments were applied in combi-
nation with each of the three natural compounds. Moreover, 
the linear model showed significant differences between the 

Fig. 4  Overview of the experimental design for testing the activity of natural antiviral edible coatings
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D-values of HAV and TV with and without the extracts for 
most tested temperatures. Thus, the authors concluded that 
these compounds can potentially lower temperature and time 
regimens needed to inactivate HAV and TV (Patwardhan 
et al., 2020).

In trials with the same purpose, Falcó and colleagues 
tested a preservation approach based on the use of aged-
GTE and mild heat treatments to inactivate MNV and HAV 
in artificially contaminated fruit juices (a mixed fruit juice 
and an apple juice) (Falcó et al., 2020). Specifically, the 
authors combined mild heat treatments at 40, 50, or 63 °C 
with aged-GTE and reported that MNV titers were lower 
than those resulting from thermal treatment alone. These 
findings indicated a relevant synergistic antiviral effect of 
aged-GTE combined with mild heat treatments for MNV, 
which was not confirmed for HAV.

High hydrostatic pressure processing (HPP) is a nonther-
mal processing technique that has emerged as a promising 
technology to preserve a variety of food products, including 
fruit jams, orange juice, salsa, ready-to-eat meats, and oys-
ters. In addition, inactivation studies have demonstrated the 
effectiveness of HPP to control viral pathogens, including 
HAV and human norovirus surrogates (Govaris & Pexara, 
2021; Huang et al., 2020; Kingsley et al., 2007). The HPP 
technology was tested in combination with aged-GTE to 
inactivate HAV, MNV and human norovirus (Falcó et al., 
2023a, b). Interestingly, the synergistic effect was demon-
strated in buffered suspension against human norovirus GI 
by a binding assay and against norovirus GII by replication 
on HIE. Furthermore, HPP combined with aged-GTE was 
successfully tested to inactivate MNV and HAV in apple 
and horchata (a traditional beverage from Valencia, Spain) 
juices. Interestingly, the kinetic inactivation data reported by 
the authors corroborate the different sensitivity of the two 
viruses tested, with HAV being more sensitive than MNV 
(Falcó et al., 2023a, b, 2019a, b, c).

All these research findings strongly support the feasibil-
ity of adding natural compounds with antiviral activity to 
reduce the operating conditions (e.g., temperature, pression, 
time) of processing technologies, ultimately preserving food 
quality while guarantying food safety.

Conclusions and Research Future Needs

Reviewed data indicates that a broad range of natural com-
pounds exert antiviral activity in in-vitro tests. Experimen-
tal evidence on human norovirus and HEV inactivation 
by GRAS substances is still limited, even though studies 
exploiting novel replication models (e.g., HIE, zebra fish) 
are expected to be increasingly reported. However, research 
on food applications and the validation of their use under 
pilot or commercial conditions is very limited. In line with 

latest released FAO and WHO reports on hazards in pro-
duce, the general consideration is that there is still a need to 
test the antiviral activity of natural compounds in industrial 
applications and real-scenario settings.132 Furthermore, a 
more thorough examination of the impact of natural antivi-
ral compounds on shelf life and sensory quality is needed, 
especially when their use is combined with additional pres-
ervation techniques.

Author Contributions Concept: IF and GS; review of literature: IF, 
GS and WR; first draft: IF; review and final draft: IF, GS and WR; 
funding: GS and WR.

Funding Open Access funding provided thanks to the CRUE-CSIC 
agreement with Springer Nature. The Accreditation as Center of 
Excellence Severo Ochoa CEX2021-001189-S funded by MCIN/
AEI /https://doi.org/10.13039/501100011033is fully acknowledged. 
IF is supported by a postdoctoral contract grant for the requalifica-
tion of the Spanish university system from the Ministry of Univer-
sities of the Government of Spain, financed by the European Union 
(NextGeneration EU) (MS21-006). This research was supported by 
“PREVISION” (PID2019-105509RJ-I00, MCIN/AEI/https://doi.
org/10.13039/501100011033) project funded to WR.

Data Availability All data were obtained from publicly available 
information.

Code Availability Not applicable.

Declarations 

Conflict of Interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abad, F. X., Villena, C., Guix, S., Caballero, S., Pintó, R. M., & Bosch, 
A. (2001). Potential role of fomites in the vehicular transmission 
of human astroviruses. Applied and Environmental Microbiol-
ogy, 67(9), 3904–3907. https:// doi. org/ 10. 1128/ AEM. 67.9. 3904- 
3907. 2001

Ahmed, S. M., Hall, A. J., Robinson, A. E., Verhoef, L., Premkumar, P., 
Parashar, U. D., Koopmans, M., & Lopman, B. A. (2014). Global 
prevalence of norovirus in cases of gastroenteritis: A systematic 
review and meta-analysis. The Lancet Infectious Diseases, 14(8), 
725–730. https:// doi. org/ 10. 1016/ S1473- 3099(14) 70767-4

https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1128/AEM.67.9.3904-3907.2001
https://doi.org/10.1128/AEM.67.9.3904-3907.2001
https://doi.org/10.1016/S1473-3099(14)70767-4


292 Food and Environmental Virology (2024) 16:280–296

Akter, N., Khan, R. A., Tuhin, M. O., Haque, M. E., Nurnabi, M., 
Parvin, F., & Islam, R. (2014). Thermomechanical, barrier, and 
morphological properties of chitosan-reinforced starch-based 
biodegradable composite films. Journal of Thermoplastic Com-
posite Materials, 27(7), 933–948. https:// doi. org/ 10. 1177/ 08927 
05712 461512

Allende, A., Férez-Rubio, J. A., Tudela, J. A., Aznar, R., Gil, M. I., 
Sánchez, G., & Randazzo, W. (2024). Human intestinal enteroids 
and predictive models validate the operational limits of sanitizers 
used for viral disinfection of vegetable process wash water. Inter-
national Journal of Food Microbiology, 413, 110601. https:// doi. 
org/ 10. 1016/j. ijfoo dmicro. 2024. 110601

Amankwaah, C. (2013). Incorporation of selected plant extracts into 
edible chitosan films and the effect on the antiviral, antibacte-
rial and mechanical properties of the material [Ph.D.]. https:// 
www. proqu est. com/ docvi ew/ 16474 31363/ abstr act/ AA949 8943E 
2B4D4 8PQ/1.

Ansari, M. H., Ebrahimi, M., Fattahi, M. R., Gardner, M. G., Safarpour, 
A. R., Faghihi, M. A., & Lankarani, K. B. (2020). Viral metagen-
omic analysis of fecal samples reveals an enteric virome signa-
ture in irritable bowel syndrome. BMC Microbiology. https:// doi. 
org/ 10. 1186/ s12866- 020- 01817-4

Arguedas, M. R., & Fallon, M. B. (2004). Hepatitis A. Current Treat-
ment Options in Gastroenterology, 7(6), 443–450. https:// doi. 
org/ 10. 1007/ s11938- 004- 0003-7

Authority E.F.S., European Centre for Disease Prevention and Control. 
(2022). The European Union one health 2021 zoonoses report. 
EFSA Journal, 20(12), e07666. https:// doi. org/ 10. 2903/j. efsa. 
2022. 7666

Ayaz, M., Ullah, F., Sadiq, A., Ullah, F., Ovais, M., Ahmed, J., & 
Devkota, H. P. (2019). Synergistic interactions of phytochemi-
cals with antimicrobial agents: Potential strategy to counteract 
drug resistance. Chemico-Biological Interactions, 308, 294–303. 
https:// doi. org/ 10. 1016/j. cbi. 2019. 05. 050

Bae, J., & Schwab, K. J. (2008). Evaluation of murine norovirus, 
feline calicivirus, poliovirus, and MS2 as surrogates for human 
norovirus in a model of viral persistence in surface water and 
groundwater. Applied and Environmental Microbiology, 74(2), 
477–484. https:// doi. org/ 10. 1128/ AEM. 02095- 06

Bartsch, S. M., Lopman, B. A., Ozawa, S., Hall, A. J., & Lee, B. Y. 
(2016). Global economic burden of norovirus gastroenteritis. 
PLoS ONE, 11(4), e0151219. https:// doi. org/ 10. 1371/ journ al. 
pone. 01512 19

Battistini, R., Rossini, I., Ercolini, C., Goria, M., Callipo, M. R., Mau-
rella, C., Pavoni, E., & Serracca, L. (2019). Antiviral activity of 
essential oils against hepatitis A virus in soft fruits. Food and 
Environmental Virology, 11(1), 90–95. https:// doi. org/ 10. 1007/ 
s12560- 019- 09367-3

Benito-González, I., López-Rubio, A., Martínez-Abad, A., Ballester, 
A.-R., Falcó, I., González-Candelas, L., Sánchez, G., Lozano-
Sánchez, J., Borrás-Linares, I., Segura-Carretero, A., & Mar-
tínez-Sanz, M. (2019). In-depth characterization of bioactive 
extracts from Posidonia oceanica waste biomass. Marine Drugs, 
17(7), 409. https:// doi. org/ 10. 3390/ md170 70409

Bozkurt, H., D’Souza, D. H., & Davidson, P. M. (2014). A compari-
son of the thermal inactivation kinetics of human norovirus sur-
rogates and hepatitis A virus in buffered cell culture medium. 
Food Microbiology, 42, 212–217. https:// doi. org/ 10. 1016/j. fm. 
2014. 04. 002

Burt, S. (2004). Essential oils: Their antibacterial properties and poten-
tial applications in foods—A review. International Journal of 
Food Microbiology, 94(3), 223–253.

Butot, S., Putallaz, T., & Sánchez, G. (2008). Effects of sanitation, 
freezing and frozen storage on enteric viruses in berries and 
herbs. International Journal of Food Microbiology, 126(1), 
30–35. https:// doi. org/ 10. 1016/j. ijfoo dmicro. 2008. 04. 033

Carrasco-Sandoval, J., Falcó, I., Sánchez, G., Fabra, M. J., López-
Rubio, A., Rodriguez, A., Henríquez-Aedo, K., & Aranda, 
M. (2022). Multivariable optimization of ultrasound-assisted 
extraction for the determination of phenolic and antioxidants 
compounds from arrayan (Luma apiculata (DC.) Burret) leaves 
by microplate-based methods and mass spectrometry. Journal 
of Applied Research on Medicinal and Aromatic Plants, 28, 
100356. https:// doi. org/ 10. 1016/j. jarmap. 2021. 100356

Chiang, L.-C., Cheng, H.-Y., Liu, M.-C., Chiang, W., & Lin, C.-C. 
(2003). Antiviral activity of eight commonly used medicinal 
plants in Taiwan. The American Journal of Chinese Medicine, 
31(06), 897–905. https:// doi. org/ 10. 1142/ S0192 415X0 30015 82

Chouhan, S., Sharma, K., & Guleria, S. (2017). Antimicrobial activity 
of some essential oils—Present status and future perspectives. 
Medicines, 4(3), 58. https:// doi. org/ 10. 3390/ medic ines4 030058

Costantini, V., Morantz, E. K., Browne, H., Ettayebi, K., Zeng, X.-L., 
Atmar, R. L., Estes, M. K., & Vinjé, J. (2018). Human norovirus 
replication in human intestinal enteroids as model to evaluate 
virus inactivation. Emerging Infectious Diseases, 24(8), 1453–
1464. https:// doi. org/ 10. 3201/ eid24 08. 180126

Cozzi, L., Vicenza, T., Battistini, R., Masotti, C., Suffredini, E., Di 
Pasquale, S., Fauconnier, M.-L., Ercolini, C., & Serracca, L. 
(2023). Effects of essential oils and hydrolates on the infectiv-
ity of murine norovirus. Viruses, 15(3), 682. https:// doi. org/ 10. 
3390/ v1503 0682

Dancho, B. A., Chen, H., & Kingsley, D. H. (2012). Discrimination 
between infectious and non-infectious human norovirus using 
porcine gastric mucin. International Journal of Food Microbi-
ology, 155(3), 222–226. https:// doi. org/ 10. 1016/j. ijfoo dmicro. 
2012. 02. 010

Daniels, D., Grytdal, S., & Wasley, A. (2009). Surveillance for acute 
viral hepatitis—United States, 2007. Morbidity and Mortality 
Weekly Report: Surveillance Summaries, 58(3), 1–27.

Davis, R., Zivanovic, S., D’Souza, D. H., & Davidson, P. M. (2012). 
Effectiveness of chitosan on the inactivation of enteric viral sur-
rogates. Food Microbiology, 32(1), 57–62. https:// doi. org/ 10. 
1016/j. fm. 2012. 04. 008

Dehghani, T., Gholizadeh, O., Daneshvar, M., Nemati, M. M., Akbar-
zadeh, S., Amini, P., Afkhami, H., Kohansal, M., Javanmard, Z., 
& Poortahmasebi, V. (2023). Association between inflammatory 
bowel disease and viral infections. Current Microbiology. https:// 
doi. org/ 10. 1007/ s00284- 023- 03305-0

Del Nobile, M. A., Lucera, A., Costa, C., & Conte, A. (2012). Food 
applications of natural antimicrobial compounds. Frontiers in 
Microbiology. https:// doi. org/ 10. 3389/ fmicb. 2012. 00287

Demirci, M., Yiğin, A., Ünlü, Ö., & Kılıç Altun, S. (2019). Detection 
of HEV RNA amounts and genotypes in raw milks obtained from 
different animals. Mikrobiyoloji Bulteni, 53(1), 43–52. https:// 
doi. org/ 10. 5578/ mb. 67468

DiCaprio, E. (2017). Recent advances in human norovirus detection 
and cultivation methods. Current Opinion in Food Science, 14, 
93–97. https:// doi. org/ 10. 1016/j. cofs. 2017. 02. 007

Dunkin, N., Weng, S., Jacangelo, J. G., & Schwaab, K. J. (2017). Inac-
tivation of human norovirus genogroups I and II and surrogates 
by free chlorine in postharvest leafy green wash water. Applied 
and Environmental Microbiology, 83(22), e01457-17. https:// doi. 
org/ 10. 1128/ AEM. 01457- 17

Duque-Soto, C., Borrás-Linares, I., Quirantes-Piné, R., Falcó, I., 
Sánchez, G., Segura-Carretero, A., & Lozano-Sánchez, J. (2022). 
Potential antioxidant and antiviral activities of hydroethanolic 
extracts of selected lamiaceae species. Foods (basel, Switzer-
land), 11(13), 1862. https:// doi. org/ 10. 3390/ foods 11131 862

Dycke, J. V., Ny, A., Conceição-Neto, N., Maes, J., Hosmillo, M., 
Cuvry, A., Goodfellow, I., Nogueira, T. C., Verbeken, E., Mat-
thijnssens, J., de Witte, P., Neyts, J., & Rocha-Pereira, J. (2019). 
A robust human norovirus replication model in zebrafish larvae. 

https://doi.org/10.1177/0892705712461512
https://doi.org/10.1177/0892705712461512
https://doi.org/10.1016/j.ijfoodmicro.2024.110601
https://doi.org/10.1016/j.ijfoodmicro.2024.110601
https://www.proquest.com/docview/1647431363/abstract/AA9498943E2B4D48PQ/1
https://www.proquest.com/docview/1647431363/abstract/AA9498943E2B4D48PQ/1
https://www.proquest.com/docview/1647431363/abstract/AA9498943E2B4D48PQ/1
https://doi.org/10.1186/s12866-020-01817-4
https://doi.org/10.1186/s12866-020-01817-4
https://doi.org/10.1007/s11938-004-0003-7
https://doi.org/10.1007/s11938-004-0003-7
https://doi.org/10.2903/j.efsa.2022.7666
https://doi.org/10.2903/j.efsa.2022.7666
https://doi.org/10.1016/j.cbi.2019.05.050
https://doi.org/10.1128/AEM.02095-06
https://doi.org/10.1371/journal.pone.0151219
https://doi.org/10.1371/journal.pone.0151219
https://doi.org/10.1007/s12560-019-09367-3
https://doi.org/10.1007/s12560-019-09367-3
https://doi.org/10.3390/md17070409
https://doi.org/10.1016/j.fm.2014.04.002
https://doi.org/10.1016/j.fm.2014.04.002
https://doi.org/10.1016/j.ijfoodmicro.2008.04.033
https://doi.org/10.1016/j.jarmap.2021.100356
https://doi.org/10.1142/S0192415X03001582
https://doi.org/10.3390/medicines4030058
https://doi.org/10.3201/eid2408.180126
https://doi.org/10.3390/v15030682
https://doi.org/10.3390/v15030682
https://doi.org/10.1016/j.ijfoodmicro.2012.02.010
https://doi.org/10.1016/j.ijfoodmicro.2012.02.010
https://doi.org/10.1016/j.fm.2012.04.008
https://doi.org/10.1016/j.fm.2012.04.008
https://doi.org/10.1007/s00284-023-03305-0
https://doi.org/10.1007/s00284-023-03305-0
https://doi.org/10.3389/fmicb.2012.00287
https://doi.org/10.5578/mb.67468
https://doi.org/10.5578/mb.67468
https://doi.org/10.1016/j.cofs.2017.02.007
https://doi.org/10.1128/AEM.01457-17
https://doi.org/10.1128/AEM.01457-17
https://doi.org/10.3390/foods11131862


293Food and Environmental Virology (2024) 16:280–296 

PLOS Pathogens, 15(9), e1008009. https:// doi. org/ 10. 1371/ journ 
al. ppat. 10080 09

Elizaquível, P., Azizkhani, M., Aznar, R., & Sánchez, G. (2013). The 
effect of essential oils on norovirus surrogates. Food Control, 
32(1), 275–278. https:// doi. org/ 10. 1016/j. foodc ont. 2012. 11. 031

El-Saber Batiha, G., Hussein, D. E., Algammal, A. M., George, T. T., 
Jeandet, P., Al-Snafi, A. E., Tiwari, A., Pagnossa, J. P., Lima, C. 
M., Thorat, N. D., Zahoor, M., El-Esawi, M., Dey, A., Alghamdi, 
S., Hetta, H. F., & Cruz-Martins, N. (2021). Application of nat-
ural antimicrobials in food preservation: Recent views. Food 
Control, 126, 108066. https:// doi. org/ 10. 1016/j. foodc ont. 2021. 
108066

Estes, M. K., Ettayebi, K., Tenge, V. R., Murakami, K., Karandikar, 
U., Lin, S.-C., Ayyar, B. V., Cortes-Penfield, N. W., Haga, K., 
Neill, F. H., Opekun, A. R., Broughman, J. R., Zeng, X.-L., 
Blutt, S. E., Crawford, S. E., Ramani, S., Graham, D. Y., & 
Atmar, R. L. (2019). Human norovirus cultivation in nontrans-
formed stem cell-derived human intestinal enteroid cultures: 
success and challenges. Viruses, 11(7), 638. https:// doi. org/ 
10. 3390/ v1107 0638

Ettayebi, K., Crawford, S. E., Murakami, K., Broughman, J. R., 
Karandikar, U., Tenge, V. R., Neill, F. H., Blutt, S. E., Zeng, 
X.-L., Qu, L., Kou, B., Opekun, A. R., Burrin, D., Graham, D. 
Y., Ramani, S., Atmar, R. L., & Estes, M. K. (2016). Replication 
of human noroviruses in stem cell-derived human enteroids. Sci-
ence (new York, n.y.), 353(6306), 1387–1393. https:// doi. org/ 10. 
1126/ scien ce. aaf52 11

Fabra, M. J., Castro-Mayorga, J. L., Randazzo, W., Lagarón, J. M., 
López-Rubio, A., Aznar, R., & Sánchez, G. (2016). Efficacy 
of cinnamaldehyde against enteric viruses and its activity after 
incorporation into biodegradable multilayer systems of inter-
est in food packaging. Food and Environmental Virology, 8(2), 
125–132. https:// doi. org/ 10. 1007/ s12560- 016- 9235-7

Fabra, M. J., Falcó, I., Randazzo, W., Sánchez, G., & López-Rubio, A. 
(2018). Antiviral and antioxidant properties of active alginate 
edible films containing phenolic extracts. Food Hydrocolloids, 
81, 96–103. https:// doi. org/ 10. 1016/j. foodh yd. 2018. 02. 026

Falcó, I., Díaz-Reolid, A., Randazzo, W., & Sánchez, G. (2020). Green 
tea extract assisted low-temperature pasteurization to inactivate 
enteric viruses in juices. International Journal of Food Microbi-
ology, 334, 108809. https:// doi. org/ 10. 1016/j. ijfoo dmicro. 2020. 
108809

Falcó, I., Flores-Meraz, P. L., Randazzo, W., Sánchez, G., López-
Rubio, A., & Fabra, M. J. (2019a). Antiviral activity of alginate-
oleic acid based coatings incorporating green tea extract on 
strawberries and raspberries. Food Hydrocolloids, 87, 611–618. 
https:// doi. org/ 10. 1016/j. foodh yd. 2018. 08. 055

Falcó, I., Randazzo, W., Gómez-Mascaraque, L., Aznar, R., López-
Rubio, A., & Sánchez, G. (2017). Effect of (−)-epigallocatechin 
gallate at different pH conditions on enteric viruses. LWT—Food 
Science and Technology, 81, 250–257. https:// doi. org/ 10. 1016/j. 
lwt. 2017. 03. 050

Falcó, I., Randazzo, W., Pérez, A., Martínez, A., Rodrigo, D., & 
Sánchez, G. (2023a). High pressure treatment and green tea 
extract synergistically control enteric virus contamination in 
beverages. Food Control, 144, 109384. https:// doi. org/ 10. 1016/j. 
foodc ont. 2022. 109384

Falcó, I., Randazzo, W., Rodríguez-Díaz, J., Gozalbo-Rovira, R., 
Luque, D., Aznar, R., & Sánchez, G. (2019b). Antiviral activ-
ity of aged green tea extract in model food systems and under 
gastric conditions. International Journal of Food Microbiology, 
292, 101–106. https:// doi. org/ 10. 1016/j. ijfoo dmicro. 2018. 12. 019

Falcó, I., Randazzo, W., Sánchez, G., López-Rubio, A., & Fabra, M. J. 
(2019c). On the use of carrageenan matrices for the development 
of antiviral edible coatings of interest in berries. Food Hydrocol-
loids, 92, 74–85. https:// doi. org/ 10. 1016/j. foodh yd. 2019. 01. 039

Falcó, I., Tudela, J. A., Hernández, N., Pérez-Cataluña, A., García, 
M. A., Truchado, P., Garrido, A., Sánchez, G., & Allende, A. 
(2023b). Antiviral capacity of sanitizers against infectious 
viruses in process water from the produce industry under batch 
and continuous conditions. Food Control, 150, 109738. https:// 
doi. org/ 10. 1016/j. foodc ont. 2023. 109738

Fu, R. M., Decker, C. C., & Dao Thi, V. L. (2019). Cell culture models 
for hepatitis E virus. Viruses, 11(7), 608. https:// doi. org/ 10. 3390/ 
v1107 0608

Ghosh, S., Kumar, M., Santiana, M., Mishra, A., Zhang, M., Labayo, 
H., Chibly, A. M., Nakamura, H., Tanaka, T., Henderson, W., 
Lewis, E., Voss, O., Su, Y., Belkaid, Y., Chiorini, J. A., Hoff-
man, M. P., & Altan-Bonnet, N. (2022). Enteric viruses replicate 
in salivary glands and infect through saliva. Nature, 607(7918), 
345. https:// doi. org/ 10. 1038/ s41586- 022- 04895-8

Gilling, D. H., Kitajima, M., Torrey, J. R., & Bright, K. R. (2014). 
Antiviral efficacy and mechanisms of action of oregano essential 
oil and its primary component carvacrol against murine noro-
virus. Journal of Applied Microbiology, 116(5), 1149–1163. 
https:// doi. org/ 10. 1111/ jam. 12453

Girond, S., Crance, J. M., Van Cuyck-Gandre, H., Renaudet, J., 
& Deloince, R. (1991). Antiviral activity of carrageenan on 
hepatitis A virus replication in cell culture. Research in Virol-
ogy, 142(4), 261–270. https:// doi. org/ 10. 1016/ 0923- 2516(91) 
90011-Q

Glass, R. I., Parashar, U., & Estes, M. K. (2023). Norovirus gastroen-
teritis. Recuperado 20 de noviembre de 2023. https:// doi. org/ 10. 
1056/ NEJMr a0804 575

Govaris, A., & Pexara, A. (2021). Inactivation of foodborne viruses by 
high-pressure processing (HPP). Foods, 10(2), 215. https:// doi. 
org/ 10. 3390/ foods 10020 215

Grabow, W. O. K. (1997). Hepatitis viruses in water: Update on risk 
and control. Hepatitis Viruses in Water: Update on Risk and 
Control, 23(4), 379–386.

Gurtler, J. B., Fan, X., Jin, T., & Niemira, B. A. (2019). Influence 
of antimicrobial agents on the thermal sensitivity of foodborne 
pathogens: A review. Journal of Food Protection, 82(4), 628–
644. https:// doi. org/ 10. 4315/ 0362- 028X. JFP- 18- 441

Hansman, G. S., Shahzad-ul-Hussan, S., McLellan, J. S., Chuang, 
G.-Y., Georgiev, I., Shimoike, T., Katayama, K., Bewley, C. A., 
& Kwong, P. D. (2012). Structural basis for norovirus inhibi-
tion and fucose mimicry by citrate. Journal of Virology, 86(1), 
284–292. https:// doi. org/ 10. 1128/ jvi. 05909- 11

Harrison, L., & DiCaprio, E. (2018). Hepatitis E virus: An emerg-
ing foodborne pathogen. Frontiers in Sustainable Food Systems. 
https:// doi. org/ 10. 3389/ fsufs. 2018. 00014

Havelaar, A. H., Kirk, M. D., Torgerson, P. R., Gibb, H. J., Hald, T., 
Lake, R. J., Praet, N., Bellinger, D. C., de Silva, N. R., Gargouri, 
N., Speybroeck, N., Cawthorne, A., Mathers, C., Stein, C., 
Angulo, F. J., Devleesschauwer, B., Group, on behalf of W. H. O. 
F. D. B. E. R. (2015). World health organization global estimates 
and regional comparisons of the burden of foodborne disease 
in 2010. PLOS Medicine, 12(12), e1001923. https:// doi. org/ 10. 
1371/ journ al. pmed. 10019 23

Hayashi, T., Murakami, K., Ando, H., Ueno, S., Kobayashi, S., Mura-
matsu, M., Tanikawa, T., & Kitamura, M. (2023). Inhibitory 
effect of Ephedra herba on human norovirus infection in human 
intestinal organoids. Biochemical and Biophysical Research 
Communications, 671, 200–204. https:// doi. org/ 10. 1016/j. bbrc. 
2023. 05. 127

Huang, H.-W., Hsu, C.-P., & Wang, C.-Y. (2020). Healthy expectations 
of high hydrostatic pressure treatment in food processing indus-
try. Journal of Food and Drug Analysis, 28(1), 1–13. https:// doi. 
org/ 10. 1016/j. jfda. 2019. 10. 002

Iliev, I. D., & Cadwell, K. (2021). Effects of intestinal fungi and 
viruses on immune responses and inflammatory bowel diseases. 

https://doi.org/10.1371/journal.ppat.1008009
https://doi.org/10.1371/journal.ppat.1008009
https://doi.org/10.1016/j.foodcont.2012.11.031
https://doi.org/10.1016/j.foodcont.2021.108066
https://doi.org/10.1016/j.foodcont.2021.108066
https://doi.org/10.3390/v11070638
https://doi.org/10.3390/v11070638
https://doi.org/10.1126/science.aaf5211
https://doi.org/10.1126/science.aaf5211
https://doi.org/10.1007/s12560-016-9235-7
https://doi.org/10.1016/j.foodhyd.2018.02.026
https://doi.org/10.1016/j.ijfoodmicro.2020.108809
https://doi.org/10.1016/j.ijfoodmicro.2020.108809
https://doi.org/10.1016/j.foodhyd.2018.08.055
https://doi.org/10.1016/j.lwt.2017.03.050
https://doi.org/10.1016/j.lwt.2017.03.050
https://doi.org/10.1016/j.foodcont.2022.109384
https://doi.org/10.1016/j.foodcont.2022.109384
https://doi.org/10.1016/j.ijfoodmicro.2018.12.019
https://doi.org/10.1016/j.foodhyd.2019.01.039
https://doi.org/10.1016/j.foodcont.2023.109738
https://doi.org/10.1016/j.foodcont.2023.109738
https://doi.org/10.3390/v11070608
https://doi.org/10.3390/v11070608
https://doi.org/10.1038/s41586-022-04895-8
https://doi.org/10.1111/jam.12453
https://doi.org/10.1016/0923-2516(91)90011-Q
https://doi.org/10.1016/0923-2516(91)90011-Q
https://doi.org/10.1056/NEJMra0804575
https://doi.org/10.1056/NEJMra0804575
https://doi.org/10.3390/foods10020215
https://doi.org/10.3390/foods10020215
https://doi.org/10.4315/0362-028X.JFP-18-441
https://doi.org/10.1128/jvi.05909-11
https://doi.org/10.3389/fsufs.2018.00014
https://doi.org/10.1371/journal.pmed.1001923
https://doi.org/10.1371/journal.pmed.1001923
https://doi.org/10.1016/j.bbrc.2023.05.127
https://doi.org/10.1016/j.bbrc.2023.05.127
https://doi.org/10.1016/j.jfda.2019.10.002
https://doi.org/10.1016/j.jfda.2019.10.002


294 Food and Environmental Virology (2024) 16:280–296

Gastroenterology, 160(4), 1050–1066. https:// doi. org/ 10. 1053/j. 
gastro. 2020. 06. 100

Ishikawa, H., Awano, N., Fukui, T., Sasaki, H., & Kyuwa, S. (2013). 
The protective effects of lactoferrin against murine norovirus 
infection through inhibition of both viral attachment and replica-
tion. Biochemical and Biophysical Research Communications, 
434(4), 791–796. https:// doi. org/ 10. 1016/j. bbrc. 2013. 04. 013

ISO. (2015). 14476: Chemical disinfectants and antiseptics. Quanti-
tative suspension test for the evaluation of virucidal activity of 
chemical disinfectants used in human medicine. Test method and 
requirements without mechanical action (phase 2/step 1). https:// 
schol ar. google. com/ schol ar_ lookup? hl= en& publi cation_ year= 
2015& author= EN+ Din& title= 14476% 3A+ chemi cal+ disin fecta 
nts+ and+ antis eptic s.+ Quant itati ve+ suspe nsion+ test+ for+ the+ 
evalu ation+ of+ viruc idal+ activ ity+ of+ chemi cal+ disin fecta nts+ 
used+ in+ human+ medic ine.+ Test+ method+ and+ requi remen 
ts+ witho ut+ mecha nical+ actio n+% 28pha se+2% 2Fstep+ 1% 29.  
Accessed 23 Sept 2023

ISO. (2019). 21702: Measurement os antiviral activity on plastics and 
other non-porous surfaces. https:// www. iso. org/ stand ard/ 71365. 
html. Accessed 23 Sept 2023

Joshi, S. S., & D’Souza, D. H. (2021). Grape seed extract against 
Aichi virus infectivity in model foods and contact surfaces. 
Food Microbiology, 98, 103784. https:// doi. org/ 10. 1016/j. fm. 
2021. 103784

Joshi, S. S., Dice, L., Ailavadi, S., & D’Souza, D. H. (2023). Antiviral 
effects of Quillaja saponaria extracts against human noroviral 
surrogates. Food and Environmental Virology, 15(2), 167–175. 
https:// doi. org/ 10. 1007/ s12560- 023- 09550-7

Joshi, S. S., Su, X., & D’Souza, D. H. (2015). Antiviral effects of 
grape seed extract against feline calicivirus, murine norovirus, 
and hepatitis A virus in model food systems and under gastric 
conditions. Food Microbiology, 52, 1–10. https:// doi. org/ 10. 
1016/j. fm. 2015. 05. 011

Kanda, T., Sasaki, R., Masuzaki, R., Matsumoto, N., Ogawa, M., & 
Moriyama, M. (2020). Cell culture systems and drug targets for 
hepatitis A virus infection. Viruses, 12(5), 533. https:// doi. org/ 
10. 3390/ v1205 0533

Katz, M., & Plotkin, S. A. (1967). Minimal infective dose of attenu-
ated poliovirus for man. American Journal of Public Health and 
the Nations Health, 57(10), 1837–1840. https:// doi. org/ 10. 2105/ 
AJPH. 57. 10. 1837

Kim, Y. W., You, H. J., Lee, S., Kim, B., Kim, D. K., Choi, J. B., Kim, 
J. A., Lee, H. J., Joo, I. S., Lee, J. S., Kang, D. H., Lee, G., Ko, 
G. P., & Lee, S. J. (2017). Inactivation of norovirus by lemon-
grass essential oil using a norovirus surrogate system. Journal 
of Food Protection, 80(8), 1293–1302. https:// doi. org/ 10. 4315/ 
0362- 028X. JFP- 16- 162

Kingsley, D. H., Holliman, D. R., Calci, K. R., Chen, H., & Flick, G. 
J. (2007). Inactivation of a norovirus by high-pressure process-
ing. Applied and Environmental Microbiology, 73(2), 581–585. 
https:// doi. org/ 10. 1128/ AEM. 02117- 06

Knight, A., Li, D., Uyttendaele, M., & Jaykus, L.-A. (2013). A critical 
review of methods for detecting human noroviruses and predict-
ing their infectivity. Critical Reviews in Microbiology, 39(3), 
295–309. https:// doi. org/ 10. 3109/ 10408 41X. 2012. 709820

Koromyslova, A. D., White, P. A., & Hansman, G. S. (2015). Treat-
ment of norovirus particles with citrate. Virology, 485, 199–204. 
https:// doi. org/ 10. 1016/j. virol. 2015. 07. 009

Koskiniemi, C. B., Truong, V.-D., McFeeters, R. F., & Simunovic, 
J. (2013). Quality evaluation of packaged acidified vegetables 
subjected to continuous microwave pasteurization. LWT Food 
Science and Technology, 54(1), 157–164. https:// doi. org/ 10. 
1016/j. lwt. 2013. 04. 016

Kovač, K., Diez-Valcarce, M., Raspor, P., Hernández, M., & Rodríguez-
Lázaro, D. (2012). Natural plant essential oils do not inactivate 

non-enveloped enteric viruses. Food and Environmental Virol-
ogy, 4(4), 209–212. https:// doi. org/ 10. 1007/ s12560- 012- 9088-7

Kowalczyk, T., Sitarek, P., Toma, M., Rijo, P., Domínguez-Martín, E., 
Falcó, I., Sánchez, G., & Śliwiński, T. (2021). Enhanced accumu-
lation of betulinic acid in transgenic hairy roots of Senna obtusi-
folia growing in the sprinkle bioreactor and evaluation of their 
biological properties in various biological models. Chemistry 
& Biodiversity, 18(8), e2100455. https:// doi. org/ 10. 1002/ cbdv. 
20210 0455

Kupferschmidt, K. (2016). Europe’s new hepatitis problem. Science, 
353(6302), 862–863. https:// doi. org/ 10. 1126/ scien ce. 353. 6302. 
862

Kuusi, M., Nuorti, J. P., Maunula, L., Minh, N. N. T., Ratia, M., 
Karlsson, J., & Bonsdorff, C.-H.V. (2002). A prolonged out-
break of Norwalk-like calicivirus (NLV) gastroenteritis in a 
rehabilitation centre due to environmental contamination. Epi-
demiology & Infection, 129(1), 133–138. https:// doi. org/ 10. 
1017/ S0950 26880 20072 76

Kvistgaard, A. S., Pallesen, L. T., Arias, C. F., López, S., Petersen, 
T. E., Heegaard, C. W., & Rasmussen, J. T. (2004). Inhibi-
tory effects of human and bovine milk constituents on rotavi-
rus infections. Journal of Dairy Science, 87(12), 4088–4096. 
https:// doi. org/ 10. 3168/ jds. S0022- 0302(04) 73551-1

Kwon, H.-J., Kim, H.-H., Ryu, Y. B., Kim, J. H., Jeong, H. J., Lee, 
S.-W., Chang, J. S., Cho, K.-O., Rho, M.-C., Park, S.-J., & 
Lee, W. S. (2010). In vitro anti-rotavirus activity of polyphe-
nol compounds isolated from the roots of Glycyrrhiza uralen-
sis. Bioorganic & Medicinal Chemistry, 18(21), 7668–7674. 
https:// doi. org/ 10. 1016/j. bmc. 2010. 07. 073

Leistner, L., & Gorris, L. G. M. (1995). Food preservation by hurdle 
technology. Trends in Food Science & Technology, 6(2), 41–46. 
https:// doi. org/ 10. 1016/ S0924- 2244(00) 88941-4

Li, D., Baert, L., & Uyttendaele, M. (2013). Inactivation of food-
borne viruses using natural biochemical substances. Food 
Microbiology, 35(1), 1–9. https:// doi. org/ 10. 1016/j. fm. 2013. 
02. 009

Li, D., Baert, L., Zhang, D., Xia, M., Zhong, W., Van Coillie, E., Jiang, 
X., & Uyttendaele, M. (2012). Effect of grape seed extract on 
human norovirus GII.4 and murine norovirus 1 in viral suspen-
sions, on stainless steel discs, and in lettuce wash water. Applied 
and Environmental Microbiology, 78(21), 7572–7578. https:// 
doi. org/ 10. 1128/ AEM. 01987- 12

Lipson, S. M., Sethi, L., Cohen, P., Gordon, R. E., Tan, I. P., Bur-
dowski, A., & Stotzky, G. (2007). Antiviral effects on bacterio-
phages and rotavirus by cranberry juice. Phytomedicine, 14(1), 
23–30. https:// doi. org/ 10. 1016/j. phymed. 2006. 11. 009

Luceri, A., Francese, R., Lembo, D., Ferraris, M., & Balagna, C. 
(2023). Silver nanoparticles: Review of antiviral properties. 
Mechanism of Action and Applications. Microorganisms, 11(3), 
629. https:// doi. org/ 10. 3390/ micro organ isms1 10306 29

McLeod, M., Belford, G., Harlow, J., & Nasheri, N. (2022). Examining 
the effect of organic acids on inactivation of hepatitis E virus. 
Journal of Food Protection, 85(12), 1690–1695. https:// doi. org/ 
10. 4315/ JFP- 22- 164

Méndez, D. A., Fabra, M. J., Falcó, I., Sánchez, G., Aranaz, P., Vet-
torazzi, A., Ribas-Agustí, A., González-Navarro, C. J., Castellari, 
M., Martínez-Abad, A., & López-Rubio, A. (2021). Bioactive 
extracts from persimmon waste: Influence of extraction condi-
tions and ripeness. Food & Function, 12(16), 7428–7439. https:// 
doi. org/ 10. 1039/ D1FO0 0457C

Moreno, M. A., Bojorges, H., Falcó, I., Sánchez, G., López-Carballo, 
G., López-Rubio, A., Zampini, I. C., Isla, M. I., & Fabra, M. J. 
(2020). Active properties of edible marine polysaccharide-based 
coatings containing Larrea nitida polyphenols enriched extract. 
Food Hydrocolloids, 102, 105595. https:// doi. org/ 10. 1016/j. 
foodh yd. 2019. 105595

https://doi.org/10.1053/j.gastro.2020.06.100
https://doi.org/10.1053/j.gastro.2020.06.100
https://doi.org/10.1016/j.bbrc.2013.04.013
https://scholar.google.com/scholar_lookup?hl=en&publication_year=2015&author=EN+Din&title=14476%3A+chemical+disinfectants+and+antiseptics.+Quantitative+suspension+test+for+the+evaluation+of+virucidal+activity+of+chemical+disinfectants+used+in+human+medicine.+Test+method+and+requirements+without+mechanical+action+%28phase+2%2Fstep+1%29
https://scholar.google.com/scholar_lookup?hl=en&publication_year=2015&author=EN+Din&title=14476%3A+chemical+disinfectants+and+antiseptics.+Quantitative+suspension+test+for+the+evaluation+of+virucidal+activity+of+chemical+disinfectants+used+in+human+medicine.+Test+method+and+requirements+without+mechanical+action+%28phase+2%2Fstep+1%29
https://scholar.google.com/scholar_lookup?hl=en&publication_year=2015&author=EN+Din&title=14476%3A+chemical+disinfectants+and+antiseptics.+Quantitative+suspension+test+for+the+evaluation+of+virucidal+activity+of+chemical+disinfectants+used+in+human+medicine.+Test+method+and+requirements+without+mechanical+action+%28phase+2%2Fstep+1%29
https://scholar.google.com/scholar_lookup?hl=en&publication_year=2015&author=EN+Din&title=14476%3A+chemical+disinfectants+and+antiseptics.+Quantitative+suspension+test+for+the+evaluation+of+virucidal+activity+of+chemical+disinfectants+used+in+human+medicine.+Test+method+and+requirements+without+mechanical+action+%28phase+2%2Fstep+1%29
https://scholar.google.com/scholar_lookup?hl=en&publication_year=2015&author=EN+Din&title=14476%3A+chemical+disinfectants+and+antiseptics.+Quantitative+suspension+test+for+the+evaluation+of+virucidal+activity+of+chemical+disinfectants+used+in+human+medicine.+Test+method+and+requirements+without+mechanical+action+%28phase+2%2Fstep+1%29
https://scholar.google.com/scholar_lookup?hl=en&publication_year=2015&author=EN+Din&title=14476%3A+chemical+disinfectants+and+antiseptics.+Quantitative+suspension+test+for+the+evaluation+of+virucidal+activity+of+chemical+disinfectants+used+in+human+medicine.+Test+method+and+requirements+without+mechanical+action+%28phase+2%2Fstep+1%29
https://scholar.google.com/scholar_lookup?hl=en&publication_year=2015&author=EN+Din&title=14476%3A+chemical+disinfectants+and+antiseptics.+Quantitative+suspension+test+for+the+evaluation+of+virucidal+activity+of+chemical+disinfectants+used+in+human+medicine.+Test+method+and+requirements+without+mechanical+action+%28phase+2%2Fstep+1%29
https://www.iso.org/standard/71365.html
https://www.iso.org/standard/71365.html
https://doi.org/10.1016/j.fm.2021.103784
https://doi.org/10.1016/j.fm.2021.103784
https://doi.org/10.1007/s12560-023-09550-7
https://doi.org/10.1016/j.fm.2015.05.011
https://doi.org/10.1016/j.fm.2015.05.011
https://doi.org/10.3390/v12050533
https://doi.org/10.3390/v12050533
https://doi.org/10.2105/AJPH.57.10.1837
https://doi.org/10.2105/AJPH.57.10.1837
https://doi.org/10.4315/0362-028X.JFP-16-162
https://doi.org/10.4315/0362-028X.JFP-16-162
https://doi.org/10.1128/AEM.02117-06
https://doi.org/10.3109/1040841X.2012.709820
https://doi.org/10.1016/j.virol.2015.07.009
https://doi.org/10.1016/j.lwt.2013.04.016
https://doi.org/10.1016/j.lwt.2013.04.016
https://doi.org/10.1007/s12560-012-9088-7
https://doi.org/10.1002/cbdv.202100455
https://doi.org/10.1002/cbdv.202100455
https://doi.org/10.1126/science.353.6302.862
https://doi.org/10.1126/science.353.6302.862
https://doi.org/10.1017/S0950268802007276
https://doi.org/10.1017/S0950268802007276
https://doi.org/10.3168/jds.S0022-0302(04)73551-1
https://doi.org/10.1016/j.bmc.2010.07.073
https://doi.org/10.1016/S0924-2244(00)88941-4
https://doi.org/10.1016/j.fm.2013.02.009
https://doi.org/10.1016/j.fm.2013.02.009
https://doi.org/10.1128/AEM.01987-12
https://doi.org/10.1128/AEM.01987-12
https://doi.org/10.1016/j.phymed.2006.11.009
https://doi.org/10.3390/microorganisms11030629
https://doi.org/10.4315/JFP-22-164
https://doi.org/10.4315/JFP-22-164
https://doi.org/10.1039/D1FO00457C
https://doi.org/10.1039/D1FO00457C
https://doi.org/10.1016/j.foodhyd.2019.105595
https://doi.org/10.1016/j.foodhyd.2019.105595


295Food and Environmental Virology (2024) 16:280–296 

Moussaoui, N. (2013). Antibacterial and antiviral activities of essential 
oils of northern Moroccan plants. British Biotechnology Journal, 
3(3), 318–331. https:// doi. org/ 10. 9734/ bbj/ 2013/ 3596

NACMCF Executive Secretariat. (2016). Response to the questions 
posed by the food safety and inspection service, the Centers for 
Disease Control and Prevention, the National Marine Fisheries 
Service, and the Defense Health Agency, Veterinary Services 
Activity Regarding Control Strategies for Reducing Foodborne 
Norovirus Infections. Journal of Food Protection, 79(5), 843–
889. https:// doi. org/ 10. 4315/ 0362- 028X. JFP- 15- 215

Ogunniyi, A. D., Dandie, C. E., Ferro, S., Hall, B., Drigo, B., Bru-
netti, G., Venter, H., Myers, B., Deo, P., Donner, E., & Lombi, 
E. (2019). Comparative antibacterial activities of neutral elec-
trolyzed oxidizing water and other chlorine-based sanitizers. 
Scientific Reports. https:// doi. org/ 10. 1038/ s41598- 019- 56248-7

Pan, Y., Lee, A., Wan, J., Coventry, M. J., Michalski, W. P., Shiell, 
B., & Roginski, H. (2006). Antiviral properties of milk proteins 
and peptides. International Dairy Journal, 16(11), 1252–1261. 
https:// doi. org/ 10. 1016/j. idair yj. 2006. 06. 010

Patwardhan, M., Morgan, M. T., Dia, V., & D’Souza, D. H. (2020). 
Heat sensitization of hepatitis A virus and Tulane virus using 
grape seed extract, gingerol and curcumin. Food Microbiology, 
90, 103461. https:// doi. org/ 10. 1016/j. fm. 2020. 103461

Pecson, B. M., Ackermann, M., & Kohn, T. (2011). Framework for 
using quantitative PCR as a nonculture based method to estimate 
virus infectivity. Environmental Science & Technology, 45(6), 
2257–2263. https:// doi. org/ 10. 1021/ es103 488e

Peng, J., Tang, J., Barrett, D. M., Sablani, S. S., Anderson, N., & Pow-
ers, J. R. (2017). Thermal pasteurization of ready-to-eat foods 
and vegetables: Critical factors for process design and effects on 
quality. Critical Reviews in Food Science and Nutrition, 57(14), 
2970–2995. https:// doi. org/ 10. 1080/ 10408 398. 2015. 10821 26

Pintó Solé, R. M., Martín de Santos, M., & Bosch i Navarro, A. (2011). 
Informe del Comité Científico de la Agencia Española de Segu-
ridad Alimentaria y Nutrición (AESAN) sobre contaminación 
vírica de los alimentos, con especial énfasis en moluscos bival-
vos, y métodos de control. Revista Del Comité Científico De La 
AESAN, 14, 89–105.

Pinto, T., Aires, A., Cosme, F., Bacelar, E., Morais, M. C., Oliveira, 
I., Ferreira-Cardoso, J., Anjos, R., Vilela, A., & Gonçalves, B. 
(2021). Bioactive (poly)phenols, volatile compounds from veg-
etables, medicinal and aromatic plants. Foods, 10(1), 106. https:// 
doi. org/ 10. 3390/ foods 10010 106

Randazzo, W., Costantini, V., Morantz, E. K., & Vinjé, J. (2020). 
Human intestinal enteroids to evaluate human norovirus GII.4 
inactivation by aged-green tea. Frontiers in Microbiology. https:// 
doi. org/ 10. 3389/ fmicb. 2020. 01917

Randazzo, W., Fabra, M. J., Falcó, I., López-Rubio, A., & Sánchez, 
G. (2018). Polymers and biopolymers with antiviral activity: 
Potential applications for improving food safety. Comprehen-
sive Reviews in Food Science and Food Safety, 17(3), 754–768. 
https:// doi. org/ 10. 1111/ 1541- 4337. 12349

Randazzo, W., Falcó, I., Aznar, R., & Sánchez, G. (2017). Effect of 
green tea extract on enteric viruses and its application as natural 
sanitizer. Food Microbiology, 66, 150–156. https:// doi. org/ 10. 
1016/j. fm. 2017. 04. 018

Raymond, P., Paul, S., & Guy, R. A. (2023). Impact of capsid and 
genomic integrity tests on norovirus extraction recovery rates. 
Foods. https:// doi. org/ 10. 3390/ foods 12040 826

Ruoff, K., Devant, J. M., & Hansman, G. (2022). Natural extracts, 
honey, and propolis as human norovirus inhibitors. Scientific 
Reports. https:// doi. org/ 10. 1038/ s41598- 022- 11643-5

Ruscher, C., Faber, M., Werber, D., Stark, K., Bitzegeio, J., Michaelis, 
K., Sagebiel, D., Wenzel, J. J., & Enkelmann, J. (2020). Resur-
gence of an international hepatitis A outbreak linked to imported 
frozen strawberries, Germany, 2018 to 2020. Eurosurveillance, 

25(37), 1900670. https:// doi. org/ 10. 2807/ 1560- 7917. ES. 2020. 
25. 37. 19006 70

Sanchez, C., Aznar, R., & Sanchez, G. (2015). The effect of carvacrol 
on enteric viruses. International Journal of Food Microbiology, 
192, 72–76. https:// doi. org/ 10. 1016/j. ijfoo dmicro. 2014. 09. 028

Settanni, L., Randazzo, W., Palazzolo, E., Moschetti, M., Aleo, A., 
Guarrasi, V., Mammina, C., San Biagio, P. L., Marra, F. P., 
Moschetti, G., & Germanà, M. A. (2014). Seasonal variations 
of antimicrobial activity and chemical composition of essential 
oils extracted from three Citrus limon L. Burm. Cultivars. Natu-
ral Product Research, 28(6), 383–391. https:// doi. org/ 10. 1080/ 
14786 419. 2013. 871544

Seymour, I. J., & Appleton, H. (2001). Foodborne viruses and fresh 
produce. Journal of Applied Microbiology, 91(5), 759–773. 
https:// doi. org/ 10. 1046/j. 1365- 2672. 2001. 01427.x

Sharif, N., Falcó, I., Martínez-Abad, A., Sánchez, G., López-Rubio, A., 
& Fabra, M. J. (2021). On the use of Persian gum for the devel-
opment of antiviral edible coatings against murine norovirus of 
interest in blueberries. Polymers, 13(2), 224. https:// doi. org/ 10. 
3390/ polym 13020 224

Sooryanarain, H., & Meng, X.-J. (2019). Hepatitis E virus: Reasons for 
emergence in humans. Current Opinion in Virology, 34, 10–17. 
https:// doi. org/ 10. 1016/j. coviro. 2018. 11. 006

Su, X., & D’Souza, D. H. (2013). Grape seed extract for foodborne 
virus reduction on produce. Food Microbiology, 34(1), 1–6. 
https:// doi. org/ 10. 1016/j. fm. 2012. 10. 006

Su, X., Howell, A. B., & D’Souza, D. H. (2010a). Antiviral effects of 
cranberry juice and cranberry proanthocyanidins on foodborne 
viral surrogates—A time dependence study in vitro. Food Micro-
biology, 27(8), 985–991. https:// doi. org/ 10. 1016/j. fm. 2010. 05. 
027

Su, X., Howell, A. B., & D’Souza, D. H. (2010b). In vitro effects of 
pomegranate juice and pomegranate polyphenols on foodborne 
viral surrogates. Foodborne Pathogens and Disease, 7(12), 
1473–1479.

Takahashi, K., Matsuda, M., Ohashi, K., Taniguchi, K., Nakagomi, O., 
Abe, Y., Mori, S., Sato, N., Okutani, K., & Shigeta, S. (2001). 
Analysis of anti-rotavirus activity of extract from Stevia rebau-
diana. Antiviral Research, 49(1), 15–24. https:// doi. org/ 10. 1016/ 
S0166- 3542(00) 00134-0

Tan, M. T. H., Gong, Z., & Li, D. (2023). Use of zebrafish embryos 
to reproduce human norovirus and to evaluate human norovirus 
infectivity decay after UV treatment. Applied and Environmental 
Microbiology, 89(4), e00115-e123. https:// doi. org/ 10. 1128/ aem. 
00115- 23

Teunis, P. F. M., Moe, C. L., Liu, P., Miller, S. E., Lindesmith, L., 
Baric, R. S., Le Pendu, J., & Calderon, R. L. (2008). Norwalk 
virus: How infectious is it? Journal of Medical Virology, 80(8), 
1468–1476. https:// doi. org/ 10. 1002/ jmv. 21237

Tian, P., Brandl, M., & Mandrell, R. (2005). Porcine gastric mucin 
binds to recombinant norovirus particles and competitively inhib-
its their binding to histo-blood group antigens and Caco-2 cells. 
Letters in Applied Microbiology, 41(4), 315–320. https:// doi. org/ 
10. 1111/j. 1472- 765X. 2005. 01775.x

Tiwari, B. K., Valdramidis, V. P., O’ Donnell, C. P., Muthukumarap-
pan, K., Bourke, P., & Cullen, P. J. (2009). Application of natural 
antimicrobials for food preservation. Journal of Agricultural and 
Food Chemistry, 57(14), 5987–6000. https:// doi. org/ 10. 1021/ 
jf900 668n

Todt, D., Moeller, N., Praditya, D., Kinast, V., Friesland, M., Engel-
mann, M., Verhoye, L., Sayed, I. M., Behrendt, P., Dao Thi, V. L., 
Meuleman, P., & Steinmann, E. (2018). The natural compound 
silvestrol inhibits hepatitis E virus (HEV) replication in vitro 
and in vivo. Antiviral Research, 157, 151–158. https:// doi. org/ 
10. 1016/j. antiv iral. 2018. 07. 010

https://doi.org/10.9734/bbj/2013/3596
https://doi.org/10.4315/0362-028X.JFP-15-215
https://doi.org/10.1038/s41598-019-56248-7
https://doi.org/10.1016/j.idairyj.2006.06.010
https://doi.org/10.1016/j.fm.2020.103461
https://doi.org/10.1021/es103488e
https://doi.org/10.1080/10408398.2015.1082126
https://doi.org/10.3390/foods10010106
https://doi.org/10.3390/foods10010106
https://doi.org/10.3389/fmicb.2020.01917
https://doi.org/10.3389/fmicb.2020.01917
https://doi.org/10.1111/1541-4337.12349
https://doi.org/10.1016/j.fm.2017.04.018
https://doi.org/10.1016/j.fm.2017.04.018
https://doi.org/10.3390/foods12040826
https://doi.org/10.1038/s41598-022-11643-5
https://doi.org/10.2807/1560-7917.ES.2020.25.37.1900670
https://doi.org/10.2807/1560-7917.ES.2020.25.37.1900670
https://doi.org/10.1016/j.ijfoodmicro.2014.09.028
https://doi.org/10.1080/14786419.2013.871544
https://doi.org/10.1080/14786419.2013.871544
https://doi.org/10.1046/j.1365-2672.2001.01427.x
https://doi.org/10.3390/polym13020224
https://doi.org/10.3390/polym13020224
https://doi.org/10.1016/j.coviro.2018.11.006
https://doi.org/10.1016/j.fm.2012.10.006
https://doi.org/10.1016/j.fm.2010.05.027
https://doi.org/10.1016/j.fm.2010.05.027
https://doi.org/10.1016/S0166-3542(00)00134-0
https://doi.org/10.1016/S0166-3542(00)00134-0
https://doi.org/10.1128/aem.00115-23
https://doi.org/10.1128/aem.00115-23
https://doi.org/10.1002/jmv.21237
https://doi.org/10.1111/j.1472-765X.2005.01775.x
https://doi.org/10.1111/j.1472-765X.2005.01775.x
https://doi.org/10.1021/jf900668n
https://doi.org/10.1021/jf900668n
https://doi.org/10.1016/j.antiviral.2018.07.010
https://doi.org/10.1016/j.antiviral.2018.07.010


296 Food and Environmental Virology (2024) 16:280–296

Van Haute, S., Sampers, I., Holvoet, K., & Uyttendaele, M. (2014). 
Erratum for Van Haute et al., Physicochemical quality and chemi-
cal safety of chlorine as a reconditioning agent and wash water 
disinfectant for fresh-cut lettuce washing [Appl. Environ. Mic., 
79(9), (2013), 2850–2861]. Applied and Environmental Microbi-
ology, 80(16), 5151. American Society for Microbiology. https:// 
doi. org/ 10. 1128/ AEM. 01963- 14

Venter, J. M. E., van Heerden, J., Vivier, J. C., Grabow, W. O. K., & 
Taylor, M. B. (2007). Hepatitis A virus in surface water in South 
Africa: What are the risks? Journal of Water and Health, 5(2), 
229–240. https:// doi. org/ 10. 2166/ wh. 2007. 006b

Vojir, F., Schübl, E., & Elmadfa, I. (2012). The origins of a global 
standard for food quality and safety: Codex Alimentarius Austria-
cus and FAO/WHO Codex Alimentarius. International Journal 
for Vitamin and Nutrition Research, 82(3), 223–227. https:// doi. 
org/ 10. 1024/ 0300- 9831/ a0001 15

Wales, S. Q., Pandiscia, A., Kulka, M., Sanchez, G., & Randazzo, 
W. (2024). Challenges for estimating human norovirus infectiv-
ity by viability RT-qPCR as compared to replication in human 
intestinal enteroids. International Journal of Food Microbiology, 
411, 110507. https:// doi. org/ 10. 1016/j. ijfoo dmicro. 2023. 110507

Ward, R. L., Bernstein, D. I., Young, E. C., Sherwood, J. R., Knowl-
ton, D. R., & Schiff, G. M. (1986). Human rotavirus studies in 
volunteers: Determination of infectious dose and serological 
response to infection. The Journal of Infectious Diseases, 154(5), 
871–880. https:// doi. org/ 10. 1093/ infdis/ 154.5. 871

WHO. (2013). Advancing food safety initiatives: Strategic plan for food 
safety including foodborne zoonoses 2013–2022. WHO.

Yilmaz, Y., & Toledo, R. T. (2004). Health aspects of functional grape 
seed constituents. Trends in Food Science & Technology, 15(9), 
422–433. https:// doi. org/ 10. 1016/j. tifs. 2004. 04. 006

Zhang, H., Lu, X., Zhang, L.-R., Liu, J.-J., Yang, X.-H., Wang, X.-M., 
& Zhu, H.-L. (2012a). Design, synthesis and biological evalu-
ation of N-phenylsulfonylnicotinamide derivatives as novel 
antitumor inhibitors. Bioorganic & Medicinal Chemistry, 20(4), 
1411–1416. https:// doi. org/ 10. 1016/j. bmc. 2012. 01. 004

Zhang, X. F., Dai, Y. C., Zhong, W., Tan, M., Lv, Z. P., Zhou, Y. C., 
& Jiang, X. (2012b). Tannic acid inhibited norovirus binding to 
HBGA receptors, a study of 50 Chinese medicinal herbs. Bioor-
ganic and Medicinal Chemistry, 20(4), 1616–1623. https:// doi. 
org/ 10. 1016/j. bmc. 2011. 11. 040

Zhong, Y., Ma, C.-M., & Shahidi, F. (2012). Antioxidant and antiviral 
activities of lipophilic epigallocatechin gallate (EGCG) deriva-
tives. Journal of Functional Foods, 4(1), 87–93. https:// doi. org/ 
10. 1016/j. jff. 2011. 08. 003

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1128/AEM.01963-14
https://doi.org/10.1128/AEM.01963-14
https://doi.org/10.2166/wh.2007.006b
https://doi.org/10.1024/0300-9831/a000115
https://doi.org/10.1024/0300-9831/a000115
https://doi.org/10.1016/j.ijfoodmicro.2023.110507
https://doi.org/10.1093/infdis/154.5.871
https://doi.org/10.1016/j.tifs.2004.04.006
https://doi.org/10.1016/j.bmc.2012.01.004
https://doi.org/10.1016/j.bmc.2011.11.040
https://doi.org/10.1016/j.bmc.2011.11.040
https://doi.org/10.1016/j.jff.2011.08.003
https://doi.org/10.1016/j.jff.2011.08.003

	Antiviral Activity of Natural Compounds for Food Safety
	Abstract
	Introduction
	Methodologies Applied to Assess the Antiviral Activity of Natural Compounds for Food Applications
	Evaluation Methods for Antiviral Activity in Formulations
	Methods for Assessing the Antiviral Activity of Antiviral Materials

	Natural Compounds
	Natural Compound Categories
	Polyphenols
	Essential Oils and Compounds Thereof
	Polysaccharides
	Organic Acids
	Proteins


	Natural Compounds in Food Applications
	Antiviral Activity of Natural Compounds in Food Applications
	Natural Compounds as Sanitizers for Produce
	Natural Disinfectants for Decontaminating Food-Contact Surfaces
	Bio-Active Packaging and Coatings
	Natural Antiviral Packaging
	Natural Antiviral Coatings


	Hurdle Technologies Involving Antiviral Natural Compounds
	Conclusions and Research Future Needs
	References




