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Abstract. This review examines how nanotechnology applications effectively extend shelf life in
minimally processed foods (MPF) while maintaining nutritional and sensory qualities that
consumers demand. Minimally processed foods face significant preservation challenges due to
increased cellular respiration, enzymatic activity, and microbial contamination following
processing. These factors lead to rapid deterioration through enzymatic browning, tissue
softening, water loss, off-flavors, and microbial growth, resulting in economic losses and food
waste. The study systematically analyzes scientific literature from 2010-2024 to evaluate three
primary nanotechnology applications addressing these challenges: nanostructured active and
intelligent packaging, nanostructured edible coatings, and nanosensors for quality monitoring.
Findings reveal that silver nanoparticles in polymeric matrices demonstrate significant
antimicrobial efficacy against common foodborne pathogens, while nanoclays enhance barrier
properties against gases and moisture. Nanostructured edible coatings incorporating materials
like nanocellulose show substantial improvements in preserving quality parameters, with
documented reductions in weight loss (up to 53%), decay incidence (46%), and vitamin C
degradation (70%). Advanced nanosensors enable non-destructive, real-time monitoring of
deterioration indicators before organoleptic changes become apparent. Despite promising
results, the review addresses persistent safety concerns regarding nanoparticle migration,
bioaccumulation, and varying regulatory frameworks across jurisdictions. The integration of
these nanotechnologies offers valuable tools for extending MPF shelf life, contributing to more
sustainable food systems, though responsible implementation requires balancing benefits with
consumer safety and regulatory compliance.
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1. Introduction

Minimally processed foods (MPF) represent a rapidly
expanding segment in the global food industry,
responding to the growing consumer demand for
fresh, convenient, and nutritious products. These
foods undergo minimal processing that preserves
their sensory and nutritional characteristics, such as
washing, peeling, cutting, and packaging, without the
addition of traditional chemical preservatives (1).
However, manipulation processes significantly
increase cellular respiration, enzymatic activity, and
susceptibility to microbial contamination, resulting
in a considerably reduced shelf life (2).

The deterioration of MPF manifests primarily

through undesirable changes such as enzymatic
browning, tissue softening, water loss, development
of strange flavors and odors, and microbial growth
(3). These limitations represent significant
challenges for producers, distributors, and retailers,
resulting in substantial economic losses and
contributing to food waste on a global scale (4).

Over the past two decades, nanotechnology has
emerged as a promising tool to overcome these
challenges, offering innovative solutions to extend
the shelf life of MPF without compromising their
quality and safety (5). Nanotechnology involves the
manipulation of matter at the nanometric scale (1-
100 nm), enabling the development of materials with
unique properties and functionalities (6). In the



context of  minimally  processed foods,
nanotechnology applications include active and
intelligent packaging, nanostructured edible
coatings, nanoencapsulation of antimicrobial and
antioxidant compounds, and nanosensors for quality
monitoring (7,8).

This article aims to conduct a comprehensive review
of nanotechnology applications in extending the shelf
life of minimally processed foods, exploring the
mechanisms of action, efficacy, safety considerations,
and future perspectives of these emerging
technologies.

2. Methodology

This review was conducted following a systematic
approach for the identification, selection, and critical
analysis of relevant scientific literature on
nanotechnology applications in the preservation of
minimally processed foods. Data were collected from
articles published between January 2010 and
December 2024, covering the last 15 years of
scientific advances in this field.

Searches were conducted in electronic databases,
including Scopus, Web of Science, SciELO, and Google
Scholar, using combinations of the following
descriptors in  English and  Portuguese:
"nanotechnology”, "nanoparticles”, "nanomaterials”,
"minimally processed foods", "shelf life", "active
packaging”, ‘"intelligent  packaging”, "edible
coatings”, "food preservation”, "food quality”, and
"food safety" (9).

Original articles, review articles, book chapters, and
patents reporting nanotechnology applications for
extending the shelf life of minimally processed foods
were included. Documents were initially selected
based on their titles and abstracts, followed by full-
text reading of those considered relevant.
Additionally, the bibliographic references of selected
articles were consulted to identify additional
publications pertinent to the topic that may not have
been found in the initial searches (10).

After selection, the documents were categorized
according to the type of nanotechnology application
(packaging, coatings and nanosensors) and critically
analyzed for their reported results, methodologies
employed, limitations, and practical implications
(1.

3. Results and Discussion

3.1 Nanostructured Active and
Intelligent Packaging

Advances in  nanotechnology enable the
development of improved active and intelligent
packaging systems that significantly enhance the
shelf life and quality of minimally processed food
products. These systems can incorporate additives
that interact with the food environment, such as
oxygen scavengers and antimicrobial agents, which
prevent spoilage and maintain freshness.

Additionally, intelligent packaging can monitor
conditions like temperature and gas composition,
providing real-time information about food quality,
thus ensuring safety and extending the commercial
life of the products (12).

The review article by Carbone et al. (13) examines
the application of silver nanoparticles (AgNPs) in
polymeric matrices for fresh food packaging,
highlighting their effectiveness as antimicrobial
agents against foodborne pathogens. The authors
distinguish between non-degradable polymers
(polyethylene, polyvinyl chloride, ethylene vinyl
alcohol) and biodegradable edible matrices
(cellulose, pullulan, agar hydrogel, sodium alginate,
starch) as viable carriers for AgNPs in food
preservation systems. Multiple studies demonstrate
the efficacy of these nanocomposite materials in
extending shelf life of various fresh foods including
meats, fruits, and dairy products by inhibiting
growth of common pathogens such as E. coli, S.
aureus, Pseudomonas spp., and L. monocytogenes.
This comprehensive analysis positions AgNPs-
embedded packaging as a promising technology for
improving food safety and reducing spoilage in the
fresh food industry.

As an example, in the research conducted by Mahdi
et al. (14), scientists investigated the antibacterial
properties of silver nanoparticle-infused PVC
packaging when used with ground beef stored under
refrigeration (4°C). Their findings revealed that after
a week-long observation period, the silver
nanoparticle packaging demonstrated significant
suppressive action against the proliferation of
microorganisms in the meat samples that were
examined for total bacterial, E. coli and S. aureous.

Nanoclays have been explored as packaging
components to improve barrier properties against
gases, moisture, and light. Zhang et al. (15)
developed innovative food packaging by combining
chitosan with titanium dioxide nanoparticles and
anthocyanin-rich black plum peel extract. The
resulting CSsingle bondTiO2-BPPE film
demonstrated significantly enhanced barrier
properties, mechanical strength, and multifunctional
capabilities compared to chitosan alone. This
composite exhibited superior antioxidant activity,
ethylene scavenging ability, antimicrobial effects,
and pH-sensitivity, making it a promising
multifunctional and intelligent food packaging
material.

Intelligent packaging equipped with nanosensors
has been developed to monitor real-time indicators
of deterioration in MPF. Liu et al. (16) developed an
intelligent film containing gold nanoparticles
conjugated with specific antibodies for food
pathogens, which changes color in the presence of
Listeria monocytogenes at levels as low as 1073
CFU/g in leafy vegetables. This type of technology
allows early detection of microbial deterioration
before it becomes visible or causes detectable
organoleptic changes.



3.2 Nanostructured Edible Coatings

Nanostructured edible coatings constitute an
innovative approach for MPF preservation, forming a
protective barrier directly on the food surface (17).
These coatings are typically formulated with natural
biopolymers such as chitosan, alginate, cellulose, or
proteins, to which functional nanomaterials are
incorporated.

In their comprehensive review, Azeredo et al. (18)
demonstrate  how  nanocellulose  structures
significantly enhance bio-based food packaging
materials critical for extending minimally processed
food shelflife. Their review shows that incorporating
cellulose nanocrystals and nanofibrils into
biopolymer matrices creates substantial
improvements in barrier properties against moisture
and oxygen—key factors in food deterioration—
while  simultaneously enhancing mechanical
strength. The authors highlight particularly
promising results with fruit preservation, where
nanocellulose-reinforced coatings reduced weight
loss by up to 53%, decay incidence by 46%, and
vitamin C degradation by 70%. The research
establishes nanocellulose as an essential component
for developing effective, environmentally
sustainable edible coatings that maintain food
quality and safety while addressing the inherent
limitations of conventional bio-based packaging
materials.

Martelli et al. (19) developed biodegradable films
from over-ripe banana puree, incorporating pectin,
glycerol plasticizer, and chitosan nanoparticles
(88.79 + 0.42 nm) at 0.2% concentration as
reinforcement material. Analysis revealed that
pectin and glycerol significantly enhanced film
elongation and handability, while chitosan
nanoparticles markedly improved mechanical
properties and reduced water vapor transmission
rates—decreasing permeability by 21% in pectin-
containing films and by 38% in films without pectin
compared to the control. Scanning electron
microscopy confirmed a denser matrix structure in
nanoparticle-reinforced films, demonstrating that
the incorporation of chitosan nanoparticles
effectively enhances the structural integrity and
barrier properties of banana puree-based films.

Lopes and Brandelli's (20) review highlights
nanostructured delivery systems for natural
antimicrobials as essential technologies for
developing effective edible coatings in minimally
processed foods. Their work examines how
nanostructures (liposomes, polymeric nanoparticles,
nanofibers, and nanoclays) protect natural
preservatives from degradation and food component
interactions while enabling controlled release of
antimicrobial compounds. These systems effectively
deliver bacteriocins, antimicrobial proteins, and
plant-derived compounds where needed,
maintaining their efficacy over extended periods.
The research demonstrates successful applications
in active packaging materials that align with
consumer demand for minimally processed foods

with fewer synthetic additives. This
nanoencapsulation approach offers a promising
strategy for extending shelf life while preserving
food quality and safety through natural preservation
methods.

3.3 Nanosensors for Quality
Monitoring

Nanosensors represent highly sensitive analytical
tools for non-destructive monitoring of the quality
and safety of minimally processed foods. These
technologies allow early detection of deterioration
indicators, guiding decisions throughout the
distribution chain.

Alberti et al. (21) review gold and silver
nanoparticle-based colorimetric sensors for food
quality monitoring that can extend shelf life of
minimally processed foods. These sensors utilize the
unique LSPR properties of noble metal nanoparticles
to visually indicate quality changes through color
transformations without complex instrumentation.
For intelligent packaging applications, the review
highlights gellan gum-stabilized AgNPs that detect
H,S from spoiling meat and hydrogel-based systems
using gold nanorods with silver metallization that
monitor biogenic amines in meat and fish through
progressive color changes (pink to brick red).
Additionally, paper-based analytical devices (PADs)
incorporating nanoparticles offer economical, on-
site detection of food contaminants. These
nanosensor technologies enable early detection of
quality deterioration before human perception,
effectively extending shelf life while maintaining
safety standards for minimally processed foods
without additional preservatives.

Tang et al. (22) developed fluorescent nanosensors
using cadmium selenide quantum dots assembled on
silver nanoparticles that show 9-fold fluorescence
enhancement for detecting glucose. These
nanosensors function through boronate ester bond
formation between aminophenylboronic acid-
functionalized CdSe QDs and mercaptoglycerol-
modified AgNPs, with glucose competitively
disrupting these complexes. The system detects
glucose in the 2-52 mM range with a detection limit
of 1.86 mM and shows high selectivity against
common interferents. Though primarily
demonstrated for glucose sensing, this metal-
enhanced fluorescence technology offers potential
for monitoring quality parameters in minimally
processed foods. Such nanosensors could be
incorporated into intelligent packaging to provide
real-time visual indicators of food freshness,
potentially extending shelf life by enabling early
detection of quality changes.

Sharma et al. (23) review that combine biological
recognition elements with transduction mechanisms
to monitor quality parameters in minimally
processed foods, extending shelf life through early
pathogen detection. Biosensors offer critical
advantages for these spoilage-vulnerable foods: real-
time monitoring, on-site detection capabilities, and



significantly faster results than traditional
microbiology testing. These technologies are
especially valuable for minimally processed foods
because they are "extremely sensitive to critical
process  parameters,” requiring  continuous
monitoring to maintain safety and extend shelf life.
As demand for minimally processed foods grows,
advanced nanosensor technologies will be crucial for
ensuring quality throughout the product lifecycle.

3.4 Safety Considerations and
Regulatory Aspects

Despite the promising potential of nanotechnology in
MPF preservation, concerns persist regarding the
safety of nanomaterials and their interactions with
biological systems (24). The migration of
nanoparticles  from  packaging to food,
bioaccumulation in human tissues, and long-term
effects on the intestinal microbiome are areas that
require in-depth investigation.

The safety of nanomaterials used in food packaging
remains a critical issue due to the potential for
nanoparticle migration into food products. Ramirez-
Moreno et al. (25) demonstrated that silver
nanoparticles (AgNPs) incorporated into
polyethylene packaging can migrate into food, with
the extent of migration being influenced by factors
such as the type of food matrix and storage
conditions. Their study highlighted that acidic and
fatty foods, as well as higher storage temperatures
and longer durations, tend to promote greater
nanoparticle release. These findings emphasize the
need for comprehensive risk assessments that
consider real-world usage scenarios, as well as the
development of standardized testing protocols to
ensure consumer safety and guide regulatory
decisions.

The regulatory framework for nanomaterials in food
is still under development in many jurisdictions. The
European Union, through Regulation (EU)
2015/2283 on novel foods, requires specific safety
assessments for engineered nanomaterials prior to
their approval for use in foods. In the United States,
the FDA evaluates nanomaterials on a case-by-case
basis and does not have specific legislation dedicated
to nanomaterials in food. In Brazil, the National
Health Surveillance Agency (ANVISA) is in the
process of developing specific guidelines for the use
of nanomaterials in food products..

4. Conclusion

This comprehensive review demonstrates that
nanotechnology presents transformative potential
for addressing the preservation challenges inherent
to minimally processed foods. The evidence reveals
three  particularly = promising  technological
approaches: nanomaterial-enhanced active
packaging with antimicrobial properties,
nanostructured edible coatings that create
protective barriers, and advanced nanosensors
providing early detection of deterioration indicators.

Collectively, these innovations operate by controlling
moisture exchange, inhibiting microbial growth,
preventing oxidation, and enabling real-time quality
monitoring—all ~ without = compromising the
nutritional and sensory characteristics that define
minimally processed products.

While laboratory studies show remarkable efficacy,
significant barriers remain before widespread
commercial implementation becomes viable. These
include production scalability challenges, cost-
effectiveness  concerns, varying  consumer
acceptance levels, and an evolving regulatory
landscape. The development of internationally
standardized safety assessment protocols is
particularly critical, as questions about nanoparticle
migration and potential long-term health effects
require definitive answers to ensure consumer
protection.

The most promising path forward likely involves
interdisciplinary collaboration merging
nanotechnology with complementary fields such as
biotechnology, materials science, and artificial
intelligence. Such convergence could yield next-
generation preservation systems with adaptive
properties  that respond dynamically to
environmental changes and food conditions. Looking
ahead, targeted research should focus on optimizing
nanomaterial formulations for specific food
applications, developing cost-effective production
methods, and conducting comprehensive safety
assessments throughout product lifecycles.

Ultimately, responsible integration of
nanotechnology into minimally processed food
systems has the potential to significantly reduce food
waste, enhance food security, and support more
sustainable production and distribution models—
representing a crucial advancement toward more
resilient global food systems.

5. References

[1] Santos MI, Correia C, Cunha MI, Saraiva MM,
Novais MR. Evaluation of the microbiological
quality of minimally processed vegetables. Food
Control. 2014;37:210-5.

[2] Rico D, Martin-Diana AB, Barat JM, Barry-Ryan C.
Extending and measuring the quality of fresh-cut
fruit and vegetables: a review. Trends Food Sci
Technol. 2017;18:373-86.

[3] Sharma R, Demirci A. Minimally processed foods:
microbial quality and safety enhancement by
nonthermal processing. Food Rev Int
2020;36(7):657-78.

[4] FAO. Global food losses and food waste - Extent,
causes and prevention. Rome: Food and
Agriculture Organization of the United Nations;
2021.

[5] Dasgupta N, Ranjan S, Mundekkad D, Ramalingam



C, Shanker R, Kumar A. Nanotechnology in agro-
food: from field to plate. Food Res Int.
2015;69:381-400

[6] Sekhon BS. Food nanotechnology - an overview.
Nanotechnol Sci Appl. 2010;3:1-15.

[7] Sharma C, Dhiman R, Rokana N, Panwar H.
Nanotechnology: an untapped resource for food
packaging. Front Microbiol. 2017;8:1735.

[8] Duncan TV. Applications of nanotechnology in
food packaging and food safety: barrier materials,
antimicrobials and sensors. ] Colloid Interface Sci.
2011;363(1):1-24.

[9] Moher D, Liberati A, Tetzlaff ], Altman DG.
Preferred reporting items for systematic reviews
and meta-analyses: the PRISMA statement. PLoS
Med. 2009;6(7):e1000097.

[10] Higgins JPT, Thomas ], Chandler J, Cumpston M,
Li T, Page M], et al. Cochrane handbook for
systematic reviews of interventions. 2nd ed.
Chichester: John Wiley & Sons; 2019.

[11] Petticrew M, Roberts H. Systematic reviews in
the social sciences: a practical guide. Malden:
Blackwell Publishing; 2006.

[12] Prasad P, Kochhar A. Active Packaging in Food
Industry: A Review. IOSR ] Environ Sci Toxicol
Food Technol. 2014;8(5):01-7.

[13] Carbone M, Donia DT, Sabbatella G, Antiochia R.
Silver nanoparticles in polymeric matrices for
fresh food packaging. | King Saud Univ Sci.
2016;28(4):273-9.

[14] Mahdi SS, Vadood R, Nourdahr R. Study on the
antimicrobial effect of nanosilver tray packaging
of minced beef at refrigerator temperature.
Global Veterinaria. 2012;9:284-9.

[15] Zhang X, Liu Y, Yong H, Qin Y, Liu ], Liu J.
Development of multifunctional food packaging
films based on chitosan, TiO2 nanoparticles and
anthocyanin-rich black plum peel extract. Food
Hydrocoll. 2019;94:80-92.

[16] Liu J, Jasim I, Shen Z, Zhao L, Dweik M, Zhang S,
et al. A microfluidic based biosensor for rapid
detection of Salmonella in food products. PLoS
One. 2019;14(5):e0216873.

[17] Dhall RK. Advances in edible coatings for fresh
fruits and vegetables: a review. Crit Rev Food Sci
Nutr. 2013;53(5):435-50.

[18] Azeredo HMC, Rosa MF, Mattoso LHC.
Nanocellulose in bio-based food packaging
applications. Ind Crops Prod. 2017;664-71.

[19] Martelli MR, Barros TT, de Moura MR, Mattoso
LHC, Assis OBG. Effect of chitosan nanoparticles
and pectin content on mechanical properties and
water vapor permeability of banana puree films.
J Food Sci. 2013;78(1):N98-104.

[20] Lopes NA, Brandelli A. Nanostructures for
delivery of natural antimicrobials in food. Crit Rev
Food Sci Nutr. 2018;58(13):2202-12.

[21] Alberti G, Zanoni C, Magnaghi LR, Biesuz R. Gold
and Silver Nanoparticle-Based Colorimetric
Sensors: New Trends and Applications.
Chemosensors. 2021;9(11):305.

[22] Tang Y, Yang Q, Wu T, Liu L, Ding Y, Yu B.
Fluorescence Enhancement of Cadmium Selenide
Quantum  Dots  Assembled on  Silver
Nanoparticles and Its Application to Glucose
Detection. Langmuir. 2014;30(22):6324-30.

[23] Sharma H, Agarwal M, Goswami M, Sharma A,
Roy SK, Rai R, et al. Biosensors: tool for food
borne pathogen detection. Vet World.
2020;13(10):2064-83.

[24] EFSA Scientific Committee. Guidance on the risk
assessment of the application of nanoscience and
nanotechnologies in the food and feed chain.
EFSAJ.2011;9(5):2140.

[25] Ramirez-Moreno E, Marqués CD, Salgado-
Macedonio ], Morales-Téllez M. Migration of
silver nanoparticles from silver-impregnated
polyethylene food packaging: effects of food type
and storage conditions. Food Packag Shelf Life.
2020;26:100581.



