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SUMMARY

The escalating global population poses formidable challenges to addressing pressing environmental
concerns, hindering progress towards sustainable development goals. Unregulated human activities,
particularly the excessive reliance on fossil fuels and unsustainable agricultural practices, contrib-
ute to pollution, climate change, and resource depletion. Inadequate waste management systems ex-
acerbate environmental degradation and pose risks to public health. Leveraging biological resources
and urban/industrial waste emerges as a promising solution. Various waste materials, such as food
waste and agro-industrial by-products, have been efficiently repurposed into valuable bio-based
products. This review explores the diverse applications of agricultural and food waste repurposing,
including microbial production of biopolymers and biosurfactants, as well as the extraction of bio-
logically active compounds for potential antimicrobial drugs.
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INTRODUCTION

The unrelenting growth of the global population
presents huge challenges in tackling pressing envi-
ronmental issues and has a significant impact on
progress toward achieving Sustainable Development
Goals (SDGs). Increasing environmental problems,
ranging from pollution and climate change to re-
source depletion, are largely due to unregulated hu-
man activities. Extensive reliance on fossil fuels and
unsustainable agricultural practices have led to re-
source depletion and the generation of large amounts
of waste. Furthermore, inadequate waste manage-
ment systems, particularly in developing countries,
exacerbate these challenges due to cost-driven per-
spectives and weak environmental policies (Mmere-
ki et al., 2016). This has led to serious soil, air, and
water quality degradation, posing risks to both the
environment and public health (Mekonnen et al.,
2020). Thus, urgent action is imperative to establish
sustainable policies and technologies that harmo-
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nize economic, environmental, and societal needs.
In this regard, a circular bioeconomy has emerged
as a promising path toward the efficient utilization
of biomass from biological resources, including ur-
ban and industrial waste, to sustainably produce
high value-added products (Aguilar-Hernandez et al.,
2019) (Rena et al., 2022).

Various types of waste materials, such as food waste,
agro-industrial by-products, forest and agricultural
waste, wastewater or sludge, have been efficiently
repurposed into useful and marketable bio-based
products (Awasthiet al., 2022). Among these, the most
notable are bioplastics, serving as a green alternative
to synthetic plastics derived from petroleum-based
chemicals, and biogas, utilized as renewable energy
sources for generation of electricity and heat. It is
well known that agriculture and agri-food process-
ing contribute significantly to waste generation, with
an estimated 30% of global food production lost in
these sectors. Until a few decades ago, the only reuse
for these by-products was in animal feed or fertilizer
production (Waisundara et al., 2017), while recent re-
search has demonstrated that by-products resulting
from the processing of plant materials contain valu-
able nutrients that can be used to develop and pro-
duce new functional ingredients. These by-products
can provide starting materials for various microbial
processes to produce biopolymers as an alternative
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to conventional petroleum-derived non-degradable
polymers or plastics (Pagliano et al., 2017). They can
also be converted into biofuels and health food sup-
plements. In addition, plant waste can be used to ex-
tract biologically active compounds, some of which
can be a source of new antimicrobial drugs (Figure 1)
(Nasiret al., 2015).

The aim of this review is to provide an overview
of the main applications of agricultural and food
waste repurposing. Microbial production of biopol-
ymers, biocellulose, and biosurfactants starting from
waste will be reviewed. In addition, the potential of
polyphenol-rich extracts from agri-food industry res-
idues and their activities against bacteria and viruses
will be discussed.

Biomass refineries: bacteria are used
for the sustainable production of biopolymers
from waste

In the search for sustainable solutions, biomaterials
derived from organic waste through microbial pro-
cesses have come to the fore. Polyhydroxyalkanoates
(PHAs), a family of biodegradable aliphatic polyes-
ters, are becoming increasingly important as ther-
moplastic polyesters, elastomers, or sticky resins,
depending on their chain length (Rodriguez-Perez et
al., 2018). These versatile materials find applications
in packaging, disposable medical devices, and fab-
ric production, and are expected to exceed an annu-
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al volume of 100,000 tons on market in the near fu-
ture. However, the current commercial cost of PHAs,
which starts at 5.0 euro/kg, is not yet competitive
compared to traditional oil-derived polymers in the
market (sold at less than 1 euro/kg) (Gholami et al.,
2016), making the economic aspect crucial for PHA
commercialization. Given that raw materials are the
primary carbon source for bacterial synthesis of PHA,
strategies to reduce production costs may include
culturing mixed microbial cultures which do not re-
quire high-cost sterile conditions (Reis et al., 2003),
utilizing organic waste materials as nutrients. Var-
ious bacteria, including Cupriavidus necator (Cruz
et al., 2016), Ralstonia eutropha (Yang et al., 2010),
Bacillus spp. (Halami, 2008) (Venkateswar Reddy et
al., 2015), Pseudomonas spp. (Ntaikou et al., 2014)
(Venkateswar Reddy et al., 2017), Burkholderia spp.
(Mendonga et al., 2014) and Azotobacter spp. (Andler
et al., 2023), are known to accumulate PHAs as in-
tracellular carbon and energy storage compounds,
accounting for up to 80% of their cell volume.

Specialized refineries, comparable to traditional oil
refineries, exploit bacterial ability to convert raw
materials into valuable biopolymers, with biomass
serving as a source for carboxylic acids to produce
alcohols through sugar fermentation, and biogas,
along with biosurfactants and biopolymers, via an-
aerobic digestion (Abbasi et al., 2010) (Varjani et al.,
2021). Biomass can be roughly divided into first and
second-generation materials. The first generation is
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Figure 1 - Agri-food waste and its applications. The orange box shows the direct applications of vegetable and
fruit byproducts rich in phenolic compounds such as antimicrobial and antiviral agents. The green box high-
lights the indirect use of agri-food waste as feedstock for the bacterial production of biopolymers, bioscaffolds,

and biosurfactants.
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rich in easily fermentable sugars obtained from ed-
ible sources, such as corn and vegetable oils, while
second-generation biomass includes non-edible agri-
cultural and food waste, such as sugar cane bagasse,
marine algae (seaweed), and vegetable oil waste. The
production of biopolymers from waste materials is
operated by different bacterial strains; it requires
initial processing stages, especially for lignin, to
release polysaccharides from their matrices by fer-
mentation, phase purification and enzymatic catal-
ysis (Alibardi et al., 2020) (Rosenboom et al., 2022).
However, sustainable production of first-generation
biomass as both a source of sustenance and for en-
ergy generation raises concerns due to potential
competition with food resources. For this reason,
agricultural waste can be envisioned as a cost-effec-
tive and sustainable starting material for biopolymer
production, in line with ethical and environmental
sustainability principles.

Three main pathways for PHA synthesis are de-
scribed in the literature, two of which utilize sugars
as a carbon source (pathway I, Acetyl-CoA to 3-Hy-
droxybutyryl-CoA, and pathway III, fatty acid bio-
synthesis), while the last uses fatty acids as a carbon
source (pathway II, fatty acid degradation) (Anjum
et al., 2016). Consequently, waste containing sugars
and/or fatty acids become suitable candidates for
PHA production. Studies indicate successful PHA
production using frying oil waste or waste-free fatty
acids from soybean oil as carbon sources for Pseu-
domonas aeruginosa fermentation, resulting in 29.4%
and 66.1% PHA production, respectively. As an alter-
native, various waste materials such as rice bran (Oh
et al., 2015), potato peels, onion peels, apple pomace,
pea shells (Kumar et al., 2016), grape pomace (Foll-
onier et al., 2015), and urban organic waste (Allegue
et al., 2022) have been employed for low-cost PHA
production. Despite the environmentally friendly na-
ture and cost-effectiveness of using waste materials
for biopolymer production, challenges arise from
the nature/characterization of the waste, the cost of
maintaining bacterial cultures, and the complexity of
product extraction and purification. Microorganisms
would also play a pivotal role in the degradation of
PHA into water and CO,; indeed, PHAs shows supe-
rior degradability compared to other biopolymers
(Guoet al., 2012).

New approaches include the use of extremophilic
bacteria (Yin et al., 2015) or cyanobacteria (Mata et
al., 2010), which thrive under harsh conditions and
exhibit reduced nutrient requirements, in combi-
nation with metabolic engineering to address these
challenges.

Bacterial cellulose bioscaffolds: enhanced purity
with minimum environmental impact

Certain categories of biowaste may represent econom-
ically advantageous sources of valuable bio-products,

presenting an opportunity to foster the development
of cutting-edge and sustainable biomaterials for bio-
medical applications. Micro-structured biomaterials,
specifically tailored for preclinical studies, have be-
coming increasingly important, for example for anal-
ysis of drug cytotoxicity and tissue regeneration. In
this respect, agri-food waste, rich in polysaccharides
like cellulose and pectin, is characterized by very low
toxicity, which makes it a versatile raw material for
the production of scaffolds through a decellulariza-
tion process.

Various components of plant waste, including peels,
seeds, and leaves, are effectively used to produce
scaffolds for applications in cardiovascular (Gersh-
lak et al., 2017), bone (Latour et al., 2020), and skin
(Demir et al., 2021) tissue engineering. They can also
be transformed through a decellularization process
in which cells are removed and the useful extracel-
lular matrix is preserved. The complex protein mix-
tures that constitute such matrices provide mechan-
ical and biochemical support to cells in cultures and
control their performance in tissue regeneration.
This process can involve the fabrication of a three-di-
mensional scaffold using various manufacturing
techniques, including freeze-drying, gas foaming, or
the more sophisticated methods of 3D and 4D bio-
printing (Ambekar et al., 2019). Depending on their
end applications, scaffolds can also be functional-
ized by adding bioactive compounds or chemicals,
improving their mechanical or biological properties.
Buonvino and colleagues, for example, developed
membrane scaffolds by decellularizing the shell of
Lupinus albus (a process also known as L. hull (LH)
decellularization). LH, known for its anti-inflamma-
tory and analgesic properties, contains lupeol, a bio-
active lipid that promotes tissue regeneration (Nikie-
ma et al., 2001) and cell differentiation (Hata et al.,
2003). LH-derived scaffolds exhibit robust antimi-
crobial properties, making them conducive to the at-
tachment and growth of human mesenchymal stem
cells (Buonvino et al., 2023). In another study, Lee
and colleagues reported how certain scaffold proper-
ties such as pore size and shape depend on the plant
species used. These authors identified scaffolds from
apple pulp as the most effective matrices for promot-
ing the regenerative capacity of osteoblast-differenti-
ated plant scaffolds in an in vivo model for rats with
calvarial defects (Lee et al., 2019).

Cellulose, the most common central scaffold compo-
nent, can be synthesized by various bacterial strains
(e.g., Aerobacter, Agrobacterium, Rhizobium, Aceto-
bacter, Gluconacetobacter) and either secreted or
formed extracellularly by enzymes anchored to the
bacterial wall, creating protective envelopes around
cells (Rehm, 2010). Bacterial cellulose (BC) outper-
forms plant-derived cellulose in terms of purity, wa-
ter retention capacity, hydrophilicity, and porosity. In
terms of efficiency, the proteobacterium A. xylinum
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is the leader in BC production, converting 108 glu-
cose molecules into cellulose in just one hour (Wang
et al., 2019). By combining plant waste as feedstock
and bacteria for cellulose production, maximum
yield can be achieved with minimum environmental
impact.

Fatima and colleagues used rotten tomatoes as a
culture medium for the growth of Gluconacetobacter
hansenii PJK strain and the production of BC. Addi-
tionally, they functionalized the medium with etha-
nol extract from Euclea schimperi, a plant commonly
used in the treatment of wounds or infections (Nwa-
chukwu, 2010). BC and E. schimperi extracts were
mixed for 5 hours, and their antibacterial property
was tested against S. aureus, demonstrating that only
the functionalized BC inhibited bacterial growth.
Further studies are needed to understand how long
the extract exerts its effect and whether it does so in
an in vivo model. However, these findings pave the
way for the possibility of using different varieties of
plant extracts to functionalize biological scaffolds for
tissue regeneration or controlled drug delivery.

Microbial surfactants, applications

and sustainability

The synthesis of biological surfactants (or biosur-
factants) represents another potential application
for repurposing agricultural waste. In contrast to
synthetic surfactants, biosurfactants are secondary
metabolic products produced by plants, animals,
and microorganisms, such as yeasts, fungi, or bac-
teria. They can be divided into low-molecular-weight
biosurfactants (lipopeptides, glycolipids, and phos-
pholipids) and high-molecular-weight ones that are
secreted as complex mixtures of lipoproteins and li-
popolysaccharides. Due to their amphiphilic nature,
molecules like phospholipids or glycoproteins act as
surface-active compounds by reducing the surface
tension between two immiscible phases, thus pro-
moting the dispersion of substances that are not nor-
mally homogenized. This property is used in the food
industry, in cosmetics, and in pharmaceutical indus-
tries in drug formulations (Markande ef al., 2021).
Microbial surfactants are formed by a variety of mi-
croorganisms. They differ greatly in their chemical
structures, which appear to play a specific role when
they are produced as secondary metabolites, for ex-
ample in the regulation of adhesion to surfaces or as
virulence-associated exoproducts (Ron et al., 2001).
Due to their structural properties, these metabolites
have been studied for their antimicrobial potential.
As an example, surfactin, a cyclic lipopeptide pro-
duced by B. subtilis, is known for its ability to re-
duce adhesion of pathogenic bacteria to stainless
steel and polypropylene surfaces (Chen et al., 2022)
and to exert antiviral activity against enveloped vi-
ruses (Vollenbroich et al., 1997). Biosurfactants ex-
hibit low toxicity, are biodegradable, and therefore

have low environmental impact (Johnson et al.,
2021). They have a steadily growing market (with
an annual growth rate of 4.3% from 2014 to 2020),
with Europe and the United States being the largest
producers. However, as for the aforementioned BC,
their high production costs are a notable constraint
to their diffusion, with 50% of the cost of their pro-
duction being the raw material. To overcome this
limitation, agro-industrial and food waste are used
as substrates for bacterial growth, due to their high
content of carbon sources. Examples include palm
oil waste and crude glycerol (Louhasakul et al.,
2020), as well as crude oil and brine (Ibrahim et al.,
2013) and molasses (Verma et al., 2020), which are
used for the production of lipopeptides, including
surfactin. Glycolipids, another class of low molecu-
lar weight surfactants, can be produced from agri-
food waste material. For instance, sophorolipids, a
class of glycolipid biosurfactants, are produced by
Candida bombicola using soy molasses (Solaiman et
al., 2007) or frying oil waste (Fleurackers, 2006). The
cost constraints of biosurfactant commercialization
have been mitigated by employing waste materials
as growth media for bacteria. Cost reduction has led
to a meaningful comparison between biosurfactants
and synthetic surfactants in terms of biochemical
properties and antimicrobial activity. Notably, Be-
hzadnia and colleagues presented findings indicat-
ing that biosurfactants derived from Lactobacillus
plantarum ATCC 8014, produced with low-cost sub-
strates such as whey permeate and sugarcane mo-
lasses, have identical physicochemical properties to
synthetic surfactants. Furthermore, these biosur-
factants showed significantly stronger antiviral activ-
ity against Newcastle Disease Virus when compared
to synthetic biosurfactants (Behzadnia et al., 2022).

The potential of by-products from horticultural
crops: a wealth of polyphenols for health

and sustainability

According to the FAO, losses in the supply chain,
from harvest to retail, and wastage in retail and
consumption are most pronounced in the fruit and
vegetables category. These losses can be significant,
reaching alarming rates of up to 60%. The processing
of horticultural crops generates considerable quan-
tities of by-products, which account for around 25-
30% of the total product group. These by-products
consist primarily of seeds, peels, rinds, and pomace,
and are particularly rich in a wealth of potentially
valuable bioactive compounds, including polyphe-
nols, fiber, vitamins, carotenoids, and oils, to name a
few. Most of these phytochemicals are secondary me-
tabolites that have crucial biological functions for a
wide range of microbes and can be used for the devel-
opment of therapeutically important biomolecules.
For example, a significant proportion of polyphenol-
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ic compounds are already known for their antimi-
crobial and antioxidant properties, indicating their
potential efficacy in therapy. Polyphenols play an im-
portant role in processes such as pigmentation, re-
production and immune defense against pathogens.
There are currently over 8000 identified polyphenols
that have a similar chemical structure characterized
by one or more aromatic rings adorned with hydrox-
yl groups (Zugasti-Cruz et al., 2020). These hydrox-
yl groups donate electrons or hydrogen atoms and
thereby neutralize free radicals and other reactive
oxygen species (ROS), which gives polyphenols their
positive bioactivity (Lang et al., 2024). These com-
pounds can be categorized into different groups
based on the number of phenolic rings they contain
and the structural components that link these rings
together. This categorization includes phenolic acids,
flavonoids, stilbene and lignans (Fontana et al., 2013)
(Manach & Donovan, 2004) (Serafini et al., 2010).

Antibacterial potential of by-products

from horticultural crops

Fruit and vegetable crops experience significant loss-
es within the food supply chain due to their limited
shelf life, inadequate processing, and exposure to
standardized quality requirements for food products
(Lau et al., 2021). For these reasons, repurposing
by-products generated in their cultivation and pro-
cessing for antimicrobial production is an area that
deserves attention and is still relatively unexplored.
Phenolic-enriched extracts from fruit and vegeta-

bles show the ability to prevent proliferation, inva-
siveness and spread of various pathogenic bacteria.
Indeed, to date, numerous studies have document-
ed the broad-spectrum of antibacterial properties of
by-products from the agri-food chain. These primari-
ly include extracts from peels, leaves, or seeds of fruit
and vegetables, which are usually discarded in the
agricultural-industrial production process but are
known for their high polyphenol content (Suleria et
al., 2020). For example, Suzana Rudi¢ and her team
have improved a microwave-assisted method for
the extraction of artichoke leaves (Cynara scolymus
L.), which are a by-product of the production of in-
dustrial tea blends (Rudi¢ ef al., 2021). The extracts
obtained find applications in the food and pharma-
ceutical industries due to their proven antimicrobial
properties against a range of pathogens, including B.
subtilis, S. aureus, A. tumefaciens, M. luteus, E. coli,
S. typhimurium, and P. aeruginosa (Zhu et al., 2004)
(Vamanu et al., 2011) (Gaafar et al., 2013).

Ethanol extracts derived from Orange (Citrus auran-
tium L.) and pineapple (Ananas comosus (L.) Merr.)
peels, the main by-products of industrial juice ex-
traction, have shown in vitro antibacterial activity
against pathogens such as K. pneumonia, P. aerugino-
sa, B. subtilis, and X.axonopodis, and Malvacearum
LMG859 (Gunwantrao et al., 2016).

Similarly, the peel of pomegranate (Punica granatum
L.) has shown broad-spectrum antibacterial activ-
ity against both Gram-positive and Gram-negative
bacteria (Singh et al., 2019), while grape (Vitis vin-

Table 1 - List of plant by-products with antibacterial activity.

Plant by-product By-product source Target bacteria References
Artichoke leaf dust Industrial tea blends A. Tumefaciens (Zhu et al., 2004)
production B. Subtilis (Vamanu et al., 2011)
E. Coli (Gaafar et al., 2013)
M. Luteus (Rudié¢ et al., 2021)
P Aeruginosa
S. Thyphimurium
S. Aureus
Orange peel Juice processing industry B. Subtilis (Gunwantrao et al., 2016)
K. Pneumonia
X. Axonopodis
P. Aeruginosa
Pineapple peel Juice processing industry B. Subtilis (Gunwantrao et al., 2016)

K. Pneumonia
X. Axonopodis
P. Aeruginosa

Grape pomace Winemaking E. Coli (Cheng et al., 2012)
S. Aureus
Pomegranate peel Juice processing industry S. Aureus (Singh et al., 2019)

Y. enterecolitica
K. Pneumonia

E. Coli

S. yphimurium
L. monocytogenes

Table-tomato crop

Food industry

S. yphimurium

(Afibarro-Ortega et al., 2020)
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ifera sp.) pomace, a by-product of wine production,
contains compounds like quercetin, gallic acid, and
luteolin, which have been reported to have antibac-
terial activity against E. coli and S. aureus (Cheng et
al., 2012). Moreover, Afniibarro-Ortega and colleagues
recently investigated the antibacterial potential of
primary by-products of the tomato plant (Solanum
lycopersicum), the remains of tomatoes of no com-
mercial value, and found strong activity against S. ty-
phimurium, with minimum inhibitory concentration
(MIC) values close to those of streptomycin (0.30 mg/
mL) and lower than those of ampicillin (0.60 mg/mL)
(Afiibarro-Ortega et al., 2020) (Table 1).
Unfortunately, most studies on the antibacterial
properties of plant waste by-products lack a detailed
examination of specific mechanisms. The latter can
be ascribed to four primary mechanisms: damage
to the bacterial wall, damage to the bacterial mem-
brane, interaction with bacterial enzymes, regulation
of virulence factors (Figure 2). Because of these inter-
actions with bacterial cells, research has also report-
ed a synergistic effect with antibiotics.

Among these, phenol-enriched extracts are thought
to damage the bacterial cell wall through the interac-
tion of phenolic compounds with the peptidoglycan
layers (Zhao et al., 2002) and the bacterial membrane
(Wu et al., 2013), leading to cell lysis, as has been
reported for berry phenols (Nohynek et al., 2006),
Chinese wild blueberries (Zhou et al., 2020), and the
polyphenols quercetin and chlorogenic acid (Rempe
et al., 2017), gallic acid, and ferulic acid (Borges et
al., 2013).

Indeed, phenolic compounds contain abundant OH-
groups, which readily form hydrogen bonds with
the OH groups found in carbohydrates and proteins
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within the peptidoglycan (Figure 3). This bond for-
mation disrupts the integrity of the cell wall, reduc-
ing the cells’ tolerance to high ionic strength and low
osmotic pressure, ultimately leading to osmotic lysis
of bacterial cells (Zhao et al., 2002).

In gram-negative bacteria, where the peptidoglycan
layer is thin and covered by an outer membrane pri-
marily composed of lipopolysaccharides (LPS), the
susceptibility to these compounds is lower, due to the
high levels of phospholipids. In these cases, the an-
tibacterial mechanism involves the accumulation of
hydroxyl groups on the lipid bilayer, impairing the
interaction with lipoproteins and membrane perme-
ability (Lobiuc et al., 2023).

Moreover, depending on their hydrophobicity, phe-
nolics can accumulate on the host cell surface, pen-
etrate or even cross its membrane and enter the cy-
toplasm where they can interact with different cell
components or alter the intracellular pH. Among
polyphenols, there are phenolic acids that remain
neutral in their non-ionized state and consequently
can permeate the bacterial membrane phospholip-
id bilayer, leading to a decrease in intracellular pH,
which in turn results in the release of ATP and mi-
crobial cell death (Oulahal et al., 2022) (Gyawali et
al., 2014).

Some polyphenols can actively penetrate into bacte-
rial cytoplasm and directly interact with DNA, RNA
and proteins. OH groups of phenolic compounds
have been reported to bind to the active site of en-
zymes such as catechins, the main components of
green tea extracts and quercetin, which inhibit bac-
terial GTPase by binding to the ATP binding site of
the gyrase subunit (Gradisar et al., 2007) (Plaper et
al., 2003). Tannic acid is purported to inhibit cyclic

Figure 2
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Figure 3 - Schematic representation of the interaction
between phenols and amino acids or carbohydrates.
Dashed lines show the hydrogen bonds among the hy-
droxyl groups of the molecules.

di-AMP synthase (Opoku-Temeng et al., 2016), alter-
ing B. subtilis cell metabolism, while other phenol-
ic compounds inhibit the activity of the replicative
helicase RepA (Xu et al., 2001), the multidrug efflux
pump (Fiamegos et al., 2011), and urease (Moon et
al., 2013).

In addition to their interactions with bacterial cell
wall proteins and bacterial enzymes, the compounds
also play a surprising role in regulating the expres-
sion of specific virulence factors that influence ad-
hesion, motility, invasion, and biofilm formation
(Silva et al., 2016). As an example, extracts derived
from blackberry (Rubus fruticosus) and blueberry
(Vaccinium corymbosum) pomace exhibited signifi-
cant inhibition of C. jejuni growth. The total phenolic
content, expressed as gallic acid equivalent, resulted
in minimal bactericidal concentrations of 0.8 mg/mL
and 0.5 mg/mL of gallic acid equivalent for black-
berry and blueberry pomace, respectively. These ex-
tracts not only decreased the motility (blackberry
>85%; blueberry >40%) and invasive abilities (black-
berry >75%; blueberry >30%) of C. jejuni, but also
increased the relative expression of the flaA gene,
which is involved in the synthesis of flagellin subunit
A, without altering the expression of other virulence
genes (flaB, cadF, ciaB, and cdtB) (Salaheen et al.,
2014). Salaheen and colleagues suggested that ber-
ry pomace extracts used as a feed additive or water
supplement could reduce the colonization rate of C.
jejuni in poultry. This would also reduce the chance
of infection in humans (Murase ef al., 2003).
Naringenin, a flavonone found in grapefruit and re-
lated species, affected motility and invasiveness of S.
typhimurium without affecting bacterial growth. It
achieved this by down-regulating the flagellar gene
flhDC, possibly via grpE and fimbriae genes fimZ and

fimA. Quercetin, on the other hand, suppressed ex-
pression of genes related to S. aureus biofilm forma-
tion, including icalL, icaD, agrA, sigB, and sarA. Ap-
ple flavonoid phloretin has been reported to control
E. coli biofilm formation via a mechanism involving
the repression of curli genes (csgA and csgB) associ-
ated with fimbriae production. These findings partly
explain the high potential of waste by-products in the
production of anti-bacterial, whose mode of action is
difficult to identify due to the large number of phe-
nolic compounds and bioactive molecules of which
they are composed.

Interestingly, recent research has highlighted the
synergistic potential of grape and blackberry/blue-
berry extracts in enhancing the inhibitory effects of
certain antibiotics. Methanol grape pomace extract
reduces the MIC of several antibiotics (ciproflox-
acin, chloramphenicol, levofloxacin, tetracycline,
ampicillin and others) against resistant strains of
E. coli and S. aureus by 50-fold (Sanhueza et al.,
2017). Blackberry pomace extracts restored the ef-
ficacy of methicillin against methicillin-resistant S.
aureus by down-regulation of the efflux pump genes
(norA, norB, norCmdeA, sdrM and sepA) (Salaheen
et al., 2014), while Mayyas and colleagues reported
that pomegranate peel extracts in combination with
metronidazole showed a synergistic effect against H.
pylori, lowering the MIC from 0.256 mg/mL to 0.016
mg/mL (Mayyas et al., 2021).

Despite their benefits, there is great structural di-
versity among the most important bioactive com-
pounds. In addition, the antimicrobial potential of
extracts enriched with phenols depends on pH and
solubility of the extract, but above all on the plant
cultivar and the extraction method.

Antiviral potential of by-products

from horticultural crops

Emerging viral diseases, which are often zoonotic,
represent some of the greatest public health chal-
lenges of the 21% century. They originate in mam-
mals and can lead to varying degrees of disease in
humans. Depending on their ability to spread from
person to person, these diseases can lead to isolated
cases, localized epidemics, or even global pandemics.
Factors favoring their emergence include population
growth, changes in land use, changes in dietary hab-
its, conflicts, and climate change. These factors in-
crease interactions between humans and reservoir
hosts, which increase the risk of exposure to zoonot-
ic viruses and spillover infections, thus facilitating
the transmission of emerging viruses within human
populations. As a result, much scientific research is
focused on understanding the mechanisms of patho-
genicity of these viruses and on developing virucidal
or antiviral drugs to counteract them. In this context,
vegetable by-products have been tested against dif-
ferent virus families, and in most cases have shown
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virucidal activity when in direct contact with the
virus. In these cases, extracts from by-products par-
ticularly rich in proanthocyanidins and anthocya-
nins, such as grapes and pomegranate extracts, dam-
age the viral envelope by hindering the attachment
and adsorption phases and preventing infection. The
specific molecular interactions that affect viral infec-
tivity are still unclear. The most common hypothesis
is that the hydroxyl groups of polyphenols interact
with positively charged domains of the envelope gly-
coproteins (Gescher et al., 2011).

In a recent study, extracts from alfalfa, soy, gyp-
sophila, saffron, grape pomace, and artichoke were
tested as farm by-products against Herpes Simplex
type-2 (HSV-2), Influenza virus type A (IAV), Feline
Calicivirus (FeCV), and Coxsackie B5 (COXB5). Of
these, Sangiovese grape pomace, a by-product of
winemaking, showed high antiviral activity against
all viruses tested, along with high cellular tolerance,
exhibiting the highest efficacy when co-inoculated
or pre-incubated with viruses, but losing its efficacy
completely when used as a post-infection treatment.
The results revealed a broad and direct antiviral ef-
fect that encompassed both enveloped and naked vi-
ruses (Iacono et al., 2024). Interestingly, in this work,
the antiviral activity of grape pomace extract did not
mimic the effects of its three most abundant compo-
nents, namely gallic acid, quercetin, and ethyl gal-
late, highlighting the distinctive and promising prop-

erties of the extract. Another variety of grape pom-
ace, Pinot Meunier, showed protective effects against
TAV (Bekhit et al., 2019), while grape pomace of two
Egyptian varieties extracts were active against avian
IAV (Gaafar et al., 2019).

A separate study by Zivkovic et al. demonstrated that
pomegranate peel extract (PPE) (5 mg/mL) reduced
the infectivity of human Norovirus (HuNov) by de-
stroying its capsid proteins, as visualized by TEM
(Zivkovié et al., 2021). A PPE pretreatment of cherry
tomatoes and green onions surfaces significantly re-
duced the amount of HuNov particles by over 98.5%.
As these vegetables are often used in salads, sand-
wiches, and ready-made meals without extensive
heat treatment, there is an increased risk of virus
transmission. Utilizing PPE as a treatment to reduce
pathogenic viruses could serve as an environmental-
ly-friendly strategy to ensure food safety (Zivkovi¢ et
al., 2021). A similar effect against murine norovirus
1 (MNV-1) was observed with grape seed extracts in
lettuce wash water (D. Li et al., 2012). Almond skin
and apple pomace have been reported to have an-
ti-HSV-1 activity (Musarra-Pizzo et al., 2019) (Alva-
rez et al., 2012), while cranberry pomace has shown
anti-flavivirus activity, in particular against Zika vi-
rus (ZIKV) and Dengue virus (DENV) serotypes 2
and 4 (Table 2) (Tamkuté et al., 2022).

Extracts rich in antioxidants such as flavonoids,
proanthocyanidins, and anthocyanins can be a

Table 2 - List of plant by-products with antiviral activity.

Plant by-product Bysg ijj:wt Target virus Virucidal Effect (ECsy) Cells/surfaces References

Grape pomace Winemaking 1AV 20 pg/mL MDCK (Tacono et al.,

industry FECV 20 pg/mL CRFK 2024); (Bekhit
COXB5 300 pg/mL A549 et al., 2019);
HSV-2 <1,5 pg/mL VERO E6 (Gaafar et al.,
MNV1 Grape seeds extract Lettuce wash ~ 2019)
(0.2 mg/mL reduced >3log water (Lietal., 2012)
PFU/mL MNV-1 infectivity
Pomegranate peel  Juice processing HuNov PPE (5mg/mL) Fresh onions (Zivkovi¢ et al.,
industry exhibited 98.5% and tomatoes  2021)
HuNov reduction surfaces
1AV 55.66 pg/mL MDCK (Santhi et al.,
HSV-1 37.7+6/7 pg/mL VERO 2021)

Almond skin Food industry HSV-1 Almond skin extract (400 pg VERO (Musarra-Pizzo
/mL) showed a reduction in et al., 2019)
plaques number comparable
with acyclovir treatment
(10pM)

Apple pomace Juice processing  HSV-1 Cultivar Meana: VERO (Alvarez et al.,

industry 946.9 +19.1 pg /mL 2012)
Cultivar De la Riega:
1012 +186 pg /mL
Cultivar Carrio:
> 1600 pg /mL
Cranberry pomace Juice processing ZIKV 26.0 pg /mL A549 (Tamkute et al.,
industry DENV-2 54.2 pg /mL HUH7 2022)
DENV-4 40.3 pg/mL
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promising starting point for the development of en-
vironmentally-friendly detergents or disinfectants.
Despite their promising potential, the unique com-
position of these extracts poses a challenge for their
future application as virucides or disinfectants, as
factors such as soil, plant variety, location, and pro-
duction techniques contribute to variations. Their
virucidal activity is based on a non-specific mech-
anism due to the presence of a variety of bioactive
molecules. Many of these molecules are currently be-
ing investigated in studies and clinical trials. A brief
description of the most-studied molecules and their
antiviral properties is given below.

Quercetin

Quercetin is the most important member of the flavo-
noid subclass of flavonols and is widely found in fruit
and vegetables. The highest levels of quercetin have
been found in onions (Allium cepa L.) among vegeta-
bles, and in cherries, berries, and apples among fruit.
Several studies highlight the potential use of querce-
tin as an antiviral agent due to its ability to inhibit
the early stages of viral infections, to reduce inflam-
mation and ROS caused by infection and promote
autophagy (Granato et al., 2019) (Saeedi-Boroujeni
etal.,2021). In addition, thanks to its chemical struc-
ture, it has the potential to interact with a variety of
viral proteins (Granato et al., 2016) (Di Petrillo et al.,
2022). Quercetin’s predominant antiviral effects have
been thoroughly investigated, particularly against
the Hepatitis C virus (HCV). It exhibits notable ef-
fects on lipid metabolism via diglyceride acyltrans-
ferase 1. The latter enzyme is crucial for the forma-
tion of HCV viral particles, and quercetin appears to
inhibit its expression (Rojas et al., 2016). Molecular
docking studies have also suggested possible inter-
actions between quercetin and the HCV proteases
NS5B and NS2, suggesting that the antiviral activity
of quercetin may be mediated by multiple mecha-
nisms (Zhong et al., 2015) (Lu et al., 2016). Molec-
ular screening has identified quercetin as a potent
inhibitor of SARS-CoV-2 3CLpro (Ki ~7 pM) (Abian
et al., 2020). This and its well-known anti-inflam-
matory properties have made it the focus of clinical
trials for the prevention or treatment of COVID-19.
In these studies, the administration of quercetin in
combination with other drugs for symptom control
has been shown to be safe and effective. It leads to
a reduction in serum levels of ALP, g-CRP, and LDH,
critical markers associated with the severity of COV-
ID-19. Additionally, there was a significant increase
in hemoglobin levels and respiratory rate in patients
taking quercetin, which contributed to a reduction in
symptom severity and negative disease predictors (Di
Pierro et al., 2021) (Shohan et al., 2022). Antiviral ac-
tivities of quercetin were also observed against HSV-
1 by suppressing the pro-inflammatory transcrip-
tional factors NF-kB and IRF3 and IAV (S. Lee et al.,

2017). In a mouse model of TAV, isoquercetin deriv-
atives significantly decreased mortality and reduced
the levels of IFN-y and iNOS in the lung compared
to the untreated group. Histologic evaluation showed
a delay in the development and progression of lung
lesions (Kim et al., 2010). In addition to the proven
reduction of inflammatory chemokines, many stud-
ies hypothesize interactions with viral proteins, such
as the ability to interact with neuraminidase, compa-
rable to the drug zanamivir (Liu et al., 2016).

Luteolin

Luteolin, a flavonoid mainly derived from peanut
shell waste, acts as a non-competitive inhibitor of
furin, a cell protease responsible for the matura-
tion of flaviviruses in the trans-Golgi network. Peng
and colleagues showed that luteolin inhibits all four
DENYV serotypes in Huh7 cells with ECs, values of
5.19, 4.36, 5.69, and 8.38 pM, respectively, as well as
the antibody-dependent enhancement of DENV-1 in-
fection in human PBMCs (Peng et al., 2017). More-
over, the same study investigated the anti-DENV
activity of luteolin in a mouse model with a 5-day
treatment of 100 mg/kg. Although a four-times daily
treatment with luteolin was not sufficient to reduce
serum viral RNA levels, the serum from each mouse
was subjected to viral load quantification, highlight-
ing a 2-fold reduction in infectivity on day 3. These
data confirm that luteolin can inhibit DENV infec-
tion by interfering with the production of infectious
viral particles, inhibiting furin in a non-competitive
manner (Ki=58.6 pM). Considering that all flavivi-
ruses, including emerging viruses such as West Nile
virus, ZIKV and Yellow Fever virus, have very similar
replication cycles, it would be interesting to inves-
tigate the antiviral activity of luteolin against these
viruses. Furthermore, luteolin is a widely distributed
flavonoid in the plant kingdom and one of the main
components in agri-food by-products. A possible
synergistic effect of luteolin with other drugs already
used against flaviviruses would allow reduced ad-
ministration of drugs such as ribavirin, which can be
toxic; this is why there is a need for further research
on this subject.

Kaempferol

Kaempferol is a flavonol found mainly in berries,
tea, almonds, beans, and tomatoes. Kaempferol has
shown the ability to suppress HIN2 IAV both in vit-
ro and in vivo. Its most relevant activity is anti-in-
flammatory, as kaempferol reduces the production
of TNF-a, IL-1B, and IL-6, in addition to ROS activ-
ity and malondialdehyde production, both in vitro
and in murine models (Jeong et al., 2009) (Zhang
et al., 2017). A recent in vivo study highlighted how
kaempferol administration can inhibit pseudorabies
virus replication in various organs in mice, including
brain, lung, kidney, heart, and spleen. In particular,
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the viral genome copy number was reduced by over
700-fold in the brain, as confirmed by immunohisto-
chemistry, with a survival rate 22% higher than af-
ter acyclovir (Li et al., 2021). Kaempferol has been
explored in silico against Coronaviridae species,
as a potential inhibitor of the 3a channel protein
(Schwarz et al., 2014), as well as of the 3C-like pro-
teases of SARS and MERS (Jo et al., 2019). Neverthe-
less, there is a lack of in vitro studies to validate the
findings obtained through in silico analysis.

Apigenin

Apigenin is a flavonoid that belongs to the stilbene
group and is mainly found in oranges, grapefruits,
chamomile, and mango. It exerts its antiviral ac-
tivity against Epstein-Barr virus (EBV) by inhib-
iting the expression of the lytic proteins Zta, Rta,
EAD, and DNase (Wu et al., 2017). It is also active
against HCV by decreasing the expression of mature
miR122 (Shibata et al., 2014). Recently, Khandelwal
and colleagues demonstrated an in vitro and in vivo
anti-buffalopox virus activity of apigenin that signif-
icantly reduced the amount of viral DNA in infect-
ed cells. The authors hypothesized an apigenin-in-
duced reduction in the level of phosphorylation of
the eIF4E factor, involved in the early steps of mRNA
transcription, and a direct effect against the viral
polymerase (Khandelwal et al., 2020). Apigenin has
also been shown to inhibit the replication of Entero-
virus EVA71 and of foot and mouth disease virus by
interfering with their translational activity, which is
controlled by the internal ribosome entry site (Lv et
al.,2014) (Qian et al., 2015).

CONCLUSIONS

Waste management is a major challenge for the en-
vironment. The agri-food industry, which makes a
significant contribution to this, should prioritize the
reuse of waste. In this review, new upcycling applica-
tions have been investigated regarding the microbial
production of biopolymers, biocellulose, and biosur-
factants as indirect disposal of waste. Additionally,
the review explored the antibacterial and antiviral
properties of polyphenol-rich extracts, which illus-
trate a direct use of agricultural waste.

Although the benefits of upcycling waste have been
recognized for more than two decades, there are
still challenges. In the area of indirect use, economic
considerations are paramount. The use of waste as
a bacterial feedstock reduces costs, but the manage-
ment of large-scale crops and processing of products
brings challenges that affect the market attractive-
ness of the process. To address these challenges, new
approaches include the use of higher-yielding, more
cost-effective bacterial species or the use of genetic
engineering to increase the productivity of existing
strains.

As far as the direct use of waste to produce antimi-
crobial agents is concerned, the greatest challenges
lie in the origin and variability of the extracts. Strict
monitoring of origin is essential to avoid contamina-
tion and ensure food safety, which complicates the
supply chain. In addition, the different composition
of bioactive molecules in individual plant extracts,
which is related to plant varieties, cultivation tech-
niques, and extraction methods, makes standardized
procedures difficult.

To overcome these challenges, given the specific an-
timicrobial mechanisms attributable to individual
polyphenols, the use of green extraction methods
such as microwave-assisted extraction or supercriti-
cal fluid extraction could be explored. Although these
techniques have not been covered in this review, they
likely have the potential to extract more defined
polyphenols from agricultural and food waste. A ho-
listic and strategic approach is essential to unlock the
full potential of waste reuse for various applications.
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