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While nanotechnology is widely applied in diverse fields like agriculture, biochemistry, and
medicine, it remains a rapidly advancing discipline that introduces more complex applications in
food systems compared to traditional technologies. The rapid advancement of nanotechnology has
brought significant changes to multiple aspects of food science, including processing, packaging,
storage, transportation, functionality, and safety. Various nanostructured materials, ranging from
inorganic metals, metal oxides, and their composites to bioactive agents incorporated into organic
nanoparticles, have been employed within the food industry. Regardless of the substantial
advantages of nanotechnology, there are growing concerns about its use, mainly related to the
potential accumulation of nanostructured materials in the human body and the environment, leading
to various health and safety risks. Therefore, it is crucial to consider safety and health concerns and
adhere to regulatory policies while manufacturing, processing, intelligent packaging, and
consuming nano-enhanced food products. This review aims to provide a fundamental understanding
of nanotechnology applications in food packaging and processing industries while identifying
prospects and potential risks associated with nanostructured materials. Additionally, it delves into
the health, risk, and hazard aspects of nanoparticles in food and their role in food safety assessments,

highlighting specific areas of concern.
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Introduction

The term “nano” derives from the Greek word “dwarf.”
A nanometer equals one billionth of a meter (10°m)
(Chellaram et al., 2014). Nanoparticles are particles with
sizes below 100 nanometers whose unique properties
enable novel applications and advantages (Dera & Teseme,
2020). At the nanoscale, materials acquire unique
properties absent in their original form. Nano-scientists
worldwide aim to comprehend these distinctive properties
and utilize them to develop new product through
environmentally friendly processes (Grumezescu &
Holban, 2018). Worldwide organizations such as the
World Health Organization (WHO) and the Food and
Agriculture Organization (FAO) have recognized that
nanotechnology has significant potential in advancing
agricultural and food products in processing and
packaging, which can add value to these products. This
indicates that nanotechnology has shown great promise
when applied to food (Duncan, 2011).

> @ kristina@unika.ac.id https://orcid.org/0000-0003-2366-4937

This work is licensed under Creative Commons Attribution 4.0 International License

Nanotechnology in food science is expected to impact
critical aspects of food production, ranging from food
packaging to the molecular creation of novel food products
and ingredients (Pathakoti et al., 2017). Numerous studies
affirm that these nanomaterials can effectively enhance
food safety by improving food packaging efficiency,
extending shelf life, and augmenting nutritional value
when employed as additives, all without altering the taste
and physical attributes of food items (He & Hwang, 2016;
Paul Das et al., 2018). Figure 1 provides an overview of the
essential applications of nanotechnology in food science
and industry.

While nano techniques hold significant promise for
shaping novel products and manufacturing processes in the
food industry, they encounter a significant hurdle in
achieving cost-effective processing methods to produce
edible and non-toxic nano-delivery systems and
formulating safe products for human consumption. As a
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result of the expanding utilization of these nanoscale
materials (NSMs), there is a rising apprehension
surrounding the creation of biocompatible, harmless, and
non-toxic nanostructures from food-grade components
using straightforward, environmentally friendly, and cost-
efficient approaches, such as the layer-by-layer technique
(Adabi et al., 2017). Furthermore, there is a significant
interest in utilizing nanomaterials across various domains,
accompanied by  substantial  safety  concerns.
Consequently, it is imperative to address these concerns
comprehensively to advance our understanding of utilizing
nanomaterials and nanostructures regarding their
biocompatibility, safety, and potential toxicity within the
food industry. Nanotechnology promises to transform the
food system and positively influence food science by
introducing innovations in food texture, flavor,
processability, and stability throughout its shelf life. The
development and utilization of nanoscale constructs have
been documented as strategies for enhancing the delivery
and bioavailability of bioactive nutrients (Naseer et al.,
2018).

Nanotechnology has applied green-synthesized NSMs
in several ways in the food sector; on a few occasions, the
use of NSMs has been controversial, as NSMs are
scientifically uncertain and can impart long-term
detrimental effects on human health and the environment
(Adabi et al., 2017; Paul Das et al., 2018; Wang et al.,
2006). In this regard, the complexity and limitations in
nanotechnology in terms of toxicity and accumulation can
be overcome only by elucidating the physiochemical and
biological properties of NSMs through extensive research
(He et al., 2014). In light of the effects of nanomaterials on
the food industry, this review has been formulated as a
“snapshot” to address the current status of the techniques
and implementations of nanotechnology in food
preservation, safety, and security criteria and to identify the
underlying mechanistic actions regarding safety or
packaging issues.

A specific purpose focus, such as “potential risks of
nanotechnology and how these risks can be managed” is
not evident.. Similar literature used. NSMs explained in
unnecessary detail, should be summarized. The
contributions of nanotechnology towards food safety can
only be added due to the lack of regulatory frameworks due
to issues such as toxicity and bioaccumulation.

Materials and Methods

Conducting a literature review involves a structured
series of steps to identify and analyze relevant data. The
process begins with a gap analysis, which entails searching
for and collecting review articles, followed by a thorough
examination of their content. This step helps identify gaps
or unresolved issues in existing research. Next, a
conceptual design is developed, often using a fishbone
diagram to visually map out key factors and research
directions. Following this, relevant literature is gathered
and screened to filter necessary and applicable data. The
selected literature is then analyzed and tabulated to
organize key findings systematically. A literature search is
conducted to gather additional research articles related to
the review topic, forming the foundation for the content to

be presented. This structured approach ensures a well-
founded and insightful literature review.

A literature search was conducted using the Google
Scholar, PUB-MED, and Scopus search engine. The
selection of keywords was adapted from The University of
Auckland's Literature Search Plan. From the search results
that yielded numerous websites containing relevant
information, a literature screening process was necessary
to identify suitable and usable literature. First, the authors
examined the publication year of the journals found. The
authors determined that the publication year of the journals
fell within the range of 2014-2024 (10 years). The
screening  process continued with reading and
comprehending the abstracts of the identified journals, as
the abstracts encompassed nearly the entire content of the
journals. If the content aligned with the intended topic, the
authors proceeded to understand and analyze other journal
sections. If the journal provided valuable information, the
authors verified the certification or quality of the journal.
International article journals could be checked using the
website www.scimagojr.com (with qualifications Q1, Q2,

Q3, and Q4).
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Results and Discussion

Natural and Artificial Synthesis of Nanoparticles in
Food Technology

Many natural foods have tiny-scale components, and
their structure defines their characteristics. These foods
have been consumed safely for generations (Rogers, 2016).
Notably, essential food components like proteins, starches,
and fats undergo structural alterations during regular food
processing at both the nanometer and micrometer levels.
For instance, food proteins, such as native beta-
lactoglobulin, approximately 3.6 nm in length, can
experience denaturation due to pressure, temperature or pH
(Sullivan et al., 2014). The denatured components then
reassemble into larger structures like fibrils or aggregates,
which can further combine to form more extensive gel
networks (e.g., yogurt) (Guy et al., 2011)

Microscopic screening of pea varieties has identified
commercial strains like Greenshaft, which contain blends
of standard starches and naturally resistant novel starches.
These nanostructured food ingredients are being developed
with claims of enhancing taste, texture, and consistency.
For example, low-fat nanostructured mayonnaise spreads
and ice creams claim to be as creamy as their full-fat
counterparts, offering a healthier option to consumers.
Specific proteins and carbohydrates produce natural
nanostructures within foods. This includes the digestion of
food and food structure-building processes, such as how
amylose and amylopectin are arranged within starch
granules (Rogers, 2016). The dairy industry utilizes three
fundamental micro and nanosized structures—casein
micelles, fat globules, and whey proteins—to create a wide
range of food products, including emulsions like butter,
foams like ice cream and whipped cream, complex liquids
like milk, solid plastics like cheese, and gel networks like
yogurt. Dairy technology is not solely microtechnology but
also nanotechnology that has existed for a long time
(Dasgupta et al., 2015; Devatha & Thalla, 2018).

Table 1. Artificial Synthesis of Nanoparticles in Food

Artificially, the synthesis of nanoparticles can be
accomplished through two primary approaches: the top-
down approach and the bottom-up approach(Karimi et al.,
2019; Rout et al., 2013). The top-down approach involves
the breakdown of large particles into nanoparticles,
whereas the bottom-up approach entails the formation of
nanoparticles by assembling atoms or molecules. The
bottom-up approach often yields nanoparticles with more
homogeneous structures (Deka et al.,, 2016). Several
methods employed in nanoparticle synthesis include
ultrasonication, homogenization, microwave synthesis,
and green synthesis. Ultrasonication utilizes ultrasonic
waves to influence product distribution and reaction rates.
Homogenization is used to reduce the size of oil droplets
in particle formation. Microwave synthesis utilizes
microwaves to accelerate chemical reactions. Green
synthesis is an environmentally friendly method that
employs natural materials as substitutes for hazardous
chemical compounds in the synthesis process (Deka et al.,
2016; Premkumar et al., 2018; Srikar et al., 2016). The
metal nanoparticle synthesis mechanism involves reducing
metal ions by compounds capable of donating electrons
(Ferfera-Harrar et al., 2018). This process is often
conducted using natural compounds or enzymes. In
contrast, non-metal nanoparticle synthesis may involve
non-metallic compounds in nanoparticle formation, as
exemplified by the formation of chitosan phosphate
nanoparticles with curcumin.

Research into naturally occurring nanostructures in
foods primarily aims to enhance the functional behavior of
food. Recent research has focused on altering food
substances to produce nanoparticles with distinct functions
compared to the original substance. Early examples from
patents and marketing materials include various oxides like
titanium dioxide (used traditionally as a colorant) and
silicon dioxide (used as a flow agent in foods) (Yang et al.,
2017).

No Synthetic Method NNC Solvent °C Time NSA NS References
1 |Green synthesis (Stiring) Silver (Ag) - 85°C 60mn TEM 40 (Savitskaya et al., 2021)
2 |Green synthesis (Stiring) Copper (CuO) - 90°C 2h HR-TEM 50 (Alkhathlan et al., 2020)
3 |Green synthesis (Stiring) Selenium (Se) - RT 75h SEM 100-150 (Ali et al., 2021)
4 |Green synthesis Silver (Ag) - - 24 h TEM May-45 (Menon et al., 2019)
5 |Green synthesis Silver (Ag) - 85°C 20mn TEM 10 (Ferfera-Harrar et al., 2018)
Green syntesis (Incubate . o
6 in a dark place) Silver (Ag) - 37°C 48 h FESEM  50-70 (N. Yang et al., 2017)
. 210-270,
7 |Green Synthesis (Incubate o 0y0) - 37°C 24h  SEM 70-210,  (Premkumar et al., 2018)
in a dark place)
150-220
Green synthesis (Sunlight . .
8 irradiation) Silver (Ag) - - 5-20mn FESEM 17 (Vijayakumar et al., 2021)
9 |Irradiation microwave Silver (Ag) - - 1 mn ?l"(lliil\?l HR- 10 (Mohapatra et al., 2019)
10 |Irradiation microwave Copper (Cu) - - 3 mn E§SEM 5-200 (Judith Vijaya et al., 2017)
11 [Ultrasonication Chitosan fccizt‘c 40°C 45mn  PSA 101,5 (Jayarambabu et al., 2020)
12 [Ultrasonication - Dichloro 20mn  SEM 42,64 (N. Yang et al., 2017)
methane
Etanol
13 |[HHG* PH* 999, 50°C M* SEM 74-101 (Khan et al., 2021)
0

*HHG: High shear homo-Genization and ultrasonication; RT: Room Temperature; NNC: Metal/Non Metal Compound; NSA: Nanoparticle Size
Analyzer; NS: Nanoparticles Size (nm); *M: 15 minutes (high shear homo-organization) 1 minutes (ultra-sonication); *PH: Phosphatidylcholine
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Nanotechnology can be applied across all stages of the
food cycle, from farm to table. Nanotechnology is rapidly
transitioning from the laboratory to everyday consumer
products and has the potential to transform food systems.

Commercial foods and food supplements containing
added nanoparticles are also becoming available globally.
While nanotechnology offers substantial benefits for food
safety, quality, and shelf life, it also poses unique risks to
human health and the environment. These risks necessitate
new forms of safety monitoring, according to scientists.

Analytical assay and analysis of Nanoparticle in Food
Science

In nanoparticle size Analytical assay and analysis, there
are several commonly used methods, namely Field
Emission Scanning Electron Microscope (FESEM), High-
Resolution Field Emission Scanning Electron Microscope
(HR-FESEM), Transmission Electron Microscopy (TEM),
High-Resolution Transmission Electron Microscopy (HR-
TEM), Particle Size Analyzer (PSA), Scanning Electron
Microscopy (SEM), and X-ray Diffraction
(XRD)(Coulibaly et al., 2019; Kurian et al., 2016; Rasaee
et al., 2014). FESEM can demonstrate the uniform size of
nanoparticles, while HR-FESEM can visualize particles in
the range of 5-20 nm (Premkumar et al., 2018). TEM
produces images of nanoparticles with agglomeration, and
HR-TEM provides more detailed images (Kurian et al.,
2016). PSA is used to measure the size distribution of
nanoparticles in a solution (Rasaee et al., 2014). SEM
identifies spherical particles with sizes of 23-25 nm
(Karimi et al., 2019). XRD is used to analyze the crystal
structure of nanoparticles, with results reflecting face-
centered cubic (fcc) particles (Rasaee et al., 2014).

However, apart from the methods mentioned, it is also
necessary to study the benefits of nanotechnology in more
specific terms. For example,parating nano-delivery
systems from the food matrix is essential for
comprehensive characterization. High-performance liquid
chromatography and field flow fractionation are promising
techniques for this purpose(N. Yang et al., 2017).
Combining online photon correlation spectroscopy and
mass spectrometry provides a convenient approach to
characterize a wide range of nano-delivery systems.
Additionally, the detection and characterization of
engineered nanoparticles in food have been explored, with
a rapid method developed to detect pathogenic bacteria
simultaneously using magnetic particles and antibody-
conjugated quantum dots.

Nanotechnology in Food Processing

Nanoencapsulation in Bioactive Compound to improve
flavors, aromas, textures, and consistency

In recent years, heightened health awareness among
consumers has driven a shift toward food choices that meet
basic nutritional requirements and incorporate health-
promoting elements alongside essential nutrients(Castillo-
Garcia et al., 2015; Nejatian et al., 2022). These health-
conscious consumers seek to replace synthetic additives
with natural bioactive compounds that offer potential
health benefits and disease prevention. However, while
generally safe, natural bioactive compounds can
sometimes introduce undesirable flavors or odors and
exhibit instability in food products.

Directly integrating these compounds into food can be
challenging, leading to the exploration of nanoencapsulation
as a promising solution. Nanocapsulation has gained traction
in various industries, including cereals, bakeries, dairy,
beverages, food packaging, and coating. These capsules can
encapsulate various compounds in food, ranging from
vitamins, essential fatty acids, minerals, flavors, antimicrobial
agents, colorants, and antioxidants to polyphenols.
Incorporating nutraceuticals into food poses challenges,
necessitating careful evaluation of nutritional goals and
ingredient safety (Castillo-Garcia et al., 2015; Nejatian et al.,
2022; Premkumar et al., 2018).

Nanoencapsulation of bioactive compounds has
profoundly  impacted the food, nutraceutical,
pharmaceutical, and agricultural sectors. This technology
protects bioactive compounds when applied to various
matrices and allows precise control over their release.
Crafting bio capsules with natural bioactive compounds
presents a contemporary challenge (Premkumar et al.,
2018). Leveraging bioactive compounds extracted from
by-products aligns with economic interests, promoting a
more sustainable approach within the framework of a
circular economy and benefiting the natural ecosystem
(Guia-Garcia et al., 2022).

Nanoencapsulation serves a dual purpose: It targets
specific cells, tissues, or organs while regulating the release
and delivery of bioactive molecules (Nallamuthu et al.,
2017). Additionally, it shields bioactive compounds from
factors that could alter their structure or bioactivity, such
as temperature, acidity, hydrolysis, and light-induced
oxidation. The advantages of this technology include
precise targeting of the beneficial properties of bioactive
compounds to specific areas, controlled release of
bioactive components, reduced compound concentration
while preserving integrity in harsh conditions, prevention
of interactions with other food ingredients, and improved
solubility and dispersibility (Ezhilarasi et al., 2013).

Nano and microencapsulation functions include
protecting bioactive compounds, controlling release profiles,
masking undesirable flavors, improving flow properties,
extending shelf life, and enriching products with specific
nutrients (Shishir et al., 2018; Zehra et al., 2021). In contrast,
nanoencapsulation functions encompass reducing particle size
and achieving a narrow size distribution, increasing surface
area, enhancing the delivery of bioactive molecules,
improving the bioavailability of encapsulated compounds,
enhancing physical stability and extending shelf life,
facilitating precision targeting and promoting passage through
fenestrated cells, strengthening the barrier between bioactive
molecules and other compounds, and enhancing intracellular
absorption.

Nanotechnology approaches for food fortification

Essential oils pose challenges in the food industry due
to their volatility and irritative solid nature. These issues
restrict their application. Yang et al. have addressed this by
developing hollow solid lipid nanoparticles containing
peppermint essential oils through carbon dioxide
atomization. This approach achieves a remarkable 50%
initial essential oil loading efficiency. The resulting dry,
free-flowing products make handling and storing essential
oils in the food industry more manageable. Furthermore,
the simplicity and cleanliness of the process make scaling
up more feasible (Yang & Ciftci, 2016).
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Table 2. Artificial Synthesis Of Nanoparticle in Food Fortification

Active Size Zeta-
Materials Method Potential Application References
Componentes (nm) (mV)
. Supercritical fluid Peppermint Antibacterial (J. Yang and Ciftci,
Soybean ol technology essential oil 358 ) agent 2016)
Gelucire . Lippia sidoides Encapsulates .
50/30 Spray drying essential oil 5253 259 essential oils (Baldim et al., 2020)
Palm e acid, | Micro-emulsion Anthocyanin 455 - Antioxidant (Ravanfar et al., 2016)
lecithin method
Lecithin Ultrasonic Astaxanthin 94 - Food additives (Tamjidi et al., 2018)
emulsification
lSe ?ilgﬁin Sonication method DHA 130 - Food stabilizers (Han et al., 2022)

Baldim et al. (2020) employed a spray-drying method
to create solid liposome nanoparticles encapsulating Indian
lipid essential oil. These solid liposome nanoparticles
exhibit enhanced stability against environmental factors,
reduced volatility, lower toxicity, and increased
bioavailability thanks to their higher thymol retention rate
and rapid dispersion (Baldim et al., 2020). Raheleh et al.
devised and optimized microemulsion dilution methods for
encapsulating liposome phenolic compounds. This
approach effectively maintains the stability of phenolic
compounds and enhances their bioavailability (Ravanfar et
al., 2016). Nanoliposomes offer potential benefits, such as
improved bioavailability of fat-soluble substances and
controlled molecular release. Geng et al. developed solid
liposome nanoparticles loaded with vitamin B12,
achieving a final particle size of approximately 200 nm and
demonstrating high release rates (Tamjidi et al., 2018). Han
et al. prepared DHA-loaded nanoliposomes using the
sonication method, stabilized by [-sitosterol. Their
investigation revealed that DHA-NLs encapsulated with
soy lecithin and p-sitosterol achieved a maximum
encapsulation efficiency of 86.95 + 0.95%. Reducing the
size of nanoparticles offers several advantages, such as
enhancing their bioavailability. This includes increased
adhesion of active substances to tissues, improved delivery
efficiency within the gastrointestinal tract, diminished
interference from intestinal clearance mechanisms, and an
extended residence time of active substances within the
gastrointestinal tract. Nanoparticles play a pivotal role not
only in influencing the properties of functional foods but
also in regulating the release rate of bioactive ingredients,
thereby mitigating potential side effects associated with
excessive consumption of certain functional foods

Nanotechnology to enhancing physical and nutritive
quality

Currently, nano research has also focused on enhancing
the physical properties of food and packaging materials,
including developing polymer nanocomposites with
layered silicates known for attributes such as high flame
resistance and UV protection (USFDA, 2002).
Furthermore, various nanoparticles (NPs) have been
devised to improve food's physical characteristics,
particularly color and appearance. For example, titanium
dioxide (TiO,) was approved by the US FDA as a food
coloring additive with a maximum allowable limit of 1%
(w/w) (Mercante et al., 2015). Silica (SiO) and aluminum
oxide (AL,O3) can also be part of color additive mixtures,
while carbon black is strictly prohibited as a food coloring
additive(USFDA, 2002). SiO> is an anti-caking agent for

powdered products and an aroma carrier in various food
and non-food items. Nanosized SiO; is widely utilized in
food products and is recognized as a food additive by the
EU under Directive E551.

Beta-carotene, a nutraceutical compound functioning as a
coloring agent and vitamin A precursor, faces limitations in
food incorporation due to its low chemical stability and
hydrophobic nature. To address these challenges, Mehrad et
al. (2018) conducted a study involving nanomaterial
synthesis. They encapsulated beta-carotene within solid lipid
nanoparticles (SLNPs) containing palmitic acid and corn oil,
with whey protein isolate (WPI) providing stabilization. In
this nanostructure, the beta-carotene was enclosed and
shielded by a solid shell composed of palmitic acid crystals
covering the surface of the oil droplets. Corn oil played a role
in reducing the release of beta-carotene from the solid lipid
matrix to the SLNPs' surface. At the same time, WPI
enhanced the colloidal system's stability, ultimately
improving the oxidative stability of beta-carotene (Mehrad et
al., 2018).

Nanotechnology Application in Food Safety Aspects

Nanotechnology for the Detection of Food Pathogens

Nanobiosensors are analytical devices of nanomaterials
combined with biological receptors(Chandra et al., 2011).
Detection of food pathogens based on nanomaterials has
many benefits, such as speed, sensitivity, and high
efficiency. Common nanomaterials used to detect bacterial
pathogens are silver (nanoparticle and nano colloids)
(Abbaspour et al., 2015; Baranwal et al., 2016), magnetic
beads (Holzinger et al., 2014), plasmonic gold (Fang et al.,
2017), carbon nanotubes (Othman, 2014), and graphene
oxide (Zuo et al., 2013). Nanoparticles bind to pathogenic
microorganisms, separating them from food substrates;
they are then detected by mid-infrared spectroscopy.

Recently, detection platforms based on nanoparticles
have been developed. Researchers investigated
immunomagnetic nanoparticles and combined them with
liposomes to detect Cronobacter sakazakii (Shukla et al.,
2016; Song et al., 2018). Further, other researchers also
developed lateral-flow immune test strips combined with
palladium nanoparticles to visualize specific bacteria such
as Klebsiella (Abbaspour et al., 2015).

Nanosensor for detecting and reducing heavy metals

Nowadays, water and soil contain heavy metals and
non-biodegradable pollutants that pose health risks due to
bioaccumulation (Jose & Ray, 2018; Lin et al., 2017).
Some nanomaterials are used to detect and reduce heavy
metals, for instance water purification. Ag and Au
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nanoparticles removed heavy metals such as Hg, Pb, Cu,
Ni, Co, Fe, Mn, and Cd from water. Nanomaterials were
designed to have a large active surface area, making heavy
metal absorption strong (Vidu et al., 2020). In addition,
nanocomposites based on nanofibers, silver nanoparticles,
and cellulose are also used to detect heavy metals (Teodoro
et al., 2021). Nanomaterials and biotechnology are applied
to the soil to increase bioremediation efficiency.
Nanomaterials increase the degradation rate of heavy
metals by microorganisms and the uptake and
accumulation of pollutants in plants (Gong et al., 2018).

Nanotechnology application to inhibit biofilm

Biofilms are the attachment of microorganisms to the
substrate's surface and create a very tightly polymeric
extracellular matrix. Biofilm contains water, protein,
polysaccharides, and nucleic acids, making microorganisms
firmly stuck to the surface and difficult for antimicrobial
penetration (Nasr, 2015; Teodoro et al., 2021).

Food packaging based on polylactic acid biopolymer
and magnesium oxide (MgO) effectively protects food
products from bacterial biofilm forming (Nasr, 2015).
Antimicrobials such as Glycerol monolaurate (GML) to the
nanofibers of filter membranes can prevent biofilm. GML
prevents the forming of biofilm from three different strains
of S. aureus and many Gram-positive bacteria (Teodoro et
al., 2021). Apart from this, the combination of silver (Ag)
and copper (Cu) nanoparticles can also disrupt the
formation of biofilm, especially by Mastitis Pathogens
(Teodoro et al., 2021).

Nanotechnology in Packaging for Food Preservation

The Utilizing Nanosensor in Food Packaging

Combining various nanosensors is more beneficial for
food packaging than traditional sensors. Nanomaterial
sensors based on chemicals or biosensors can used online
or with industry to identify contamination during
processing, distribution, and storage. The output of sensors
can be visible, electrical, or optical. Nanosensors are
simple, have reduced cost, have high sensitivity, are
transportable, and are speedy in analysis for physical,
chemical, and microbial contamination (Kuswandi, 2017;
Singh et al., 2017). Nanosensors can detect product quality
faster and more simply than a laboratorium. Researchers
developed nanosensors for food analysis, color, flavor, and
clinical diagnostics (Li & Sheng, 2014). Electronic tongue-
based gold nanoparticles were developed to detect flavors
more sensitive than the human tongue to identify food
stalling (Baranwal et al., 2016).

Eco Friendly and multipurpose nanocomposite in food
preservation

Nanocomposite is a multiphase material formed from a
combination of two or more constituents and consists of a
continuous phase and a discontinuous nano-dimensional
phase. Bio-nanocomposite materials in food packaging
improve the functions of food packaging, develop the shelf
life of food products, and reduce environmental problems,
especially when using plastics (Othman, 2014).

Nanocomposites for food packaging can improve some
of the weaknesses of other biodegradation films, which
have poor barrier and mechanical properties. With the
addition of silver nanoparticles and nanocomposite films,
there is an increase in quality, including tensile strength
and gas and water vapor permeability (Ghanbarzadeh et al.,

2015; Shankar & Rhim, 2016). Nanocomposite film based
on silver copper bimetallic nanoparticle size and fish skin
gelatin has significant antibacterial potential, especially
from Salmonella enterica and Listeria monocytogenes
(Arfat et al., 2017).

Nanotechnology Mechanism for Intelligent and Active
Packaging

Food packaging was separated into “improved,” “active,”
and “intelligent” based on the type of packaging material and
its application. Besides protecting the product, active
packaging can also help release antioxidant and antimicrobial
compounds to improve food stability by removing oxygen and
water vapor (Dasgupta et al., 2015). Active packaging can
absorb and release the components from the environment. By
combining bioactives with nanomaterials, food packaging
achieves functionality and increases effectiveness (Ghaani et
al., 2016). Active polymer nanomaterial was developed
mainly for antimicrobial food packaging applications by
selecting antimicrobial substances. Several researchers found
materials in the form of nanostructured calcium silicate + Ag+
ions (NCS-Ag), TiOa, polyvinyl alcohol + nanocellulose + Ag
nanocomposite films which were used for active packaging
(Fujishima et al., 2000; Johnston, 2010; Sarwar et al., 2018).

In recent years, the packaging industry has focused on
developing nanomaterials with excellent performance, low
cost, easy processing, and accessibility. Intelligent ink
based on titanium dioxide (TiO,) nanoparticles using
methylene blue dye to detect the quantity of oxygen (Arora
& Padua, 2010). Material packaging consists of flexible or
static film polymeric substrates and bottles. If the
technology is combined with a vacuum, thin inorganic
layers have a great opportunity due to their properties
resisting oxygen transfer and aromas.

Health Risk, Food Hazzard, and Safety Assessment in
Food Nanotechnology

Decreasing nanoparticle size creates a higher ratio of
surface area with volume, resulting in increased biological
and chemical reactivities. For example, smaller silver
nanoparticles have more significant toxicities for
microorganisms, especially for mice(Cho et al., 2018).
Shapes of nanoparticles affect the amount of cellular
uptake. For example, nanoplate silver was more harmful
than nanosphere shapes in fish embryos, especially for
zebrafish (Abramenko et al., 2018). The interaction of
nanoparticles and biological membranes can be physical or
chemical. Physical interactions mainly lead to the
disruption of membranes and their activity, folding, protein
aggregation, and various transport processes. On the other
hand, chemical interactions mainly result in generating
reactive oxygen species (ROS) and oxidative damage (Das
and Roychoudhury, 2014).

Nanomaterials can enter the food chain by directly
incorporating nanoparticles into food, such as
nanoemulsion, nanocapsule, and nano antibacterial In
addition, using nanomaterials in food production,
processing, preservation, and monitoring, such as using
nanolaminate, nanosensors, and CNT. Healthy risk levels
of humans depend on the area and concentration of
exposure from nanoparticles. Directly using nanomaterials
in food ingredients will increase the health risk (Nasr,
2015).

1349



Putra et al. / Turkish Journal of Agriculture - Food Science and Technology, 13(5): 1344-1353, 2025

Future Perspective and Challenges in Food
Nanotechnology

Nanotechnology ensures food security and improves
crop production by controlling microbial, pest, and weed
diseases while enhancing nutritional value, safety, and
security. It involves the development of materials, devices,
or systems at the nanoscale, offering unique
physicochemical properties and a high surface-to-volume
ratio applicable in agriculture. Nanotechnology has
significantly impacted food processing, packaging, and
long-term storage in the food industry, leading to improved
taste and texture. Nanomaterials and nanosensors aid in
pathogen detection, enhancing food safety and providing
insights into its condition and nutritional content.
Nanotechnology-based delivery methods have addressed
the low bioavailability and stability of hydrophobic food
bioactives, improving their effectiveness.

However, a notable challenge in nanotechnology is the
production of safe and edible nanocompounds or delivery
systems using cost-effective methods. Concerns have arisen
about the bioaccumulation of nanomaterials, like AgNPs from
nanopackaging, in both food and humans. Nanotechnology
has found applications in pesticide, pathogen, and toxin
detection, contributing to data collection for intelligent nano-
food safety and security. Carbon nanotubes have potential in
food packaging for detecting toxic proteins, microorganisms,
and food spoilage, transforming packaging materials into
active and intelligent systems.

Despite the promising developments in
nanotechnology for food science, there are significant risks
and toxicity concerns associated with nanomaterial
applications. The unpredictable behavior of nanoscale
particles over time and their potential to cross biological
barriers, such as the blood-brain barrier, pose health risks.
Evidence of health risks related to inhaling ultrafine and
nanoparticles is growing, and bioaccumulation of
nanomaterials like nano-silver has been observed in food
and humans. Nanomaterials used as catalysts, pesticides,
and microbicides introduce unknown risks, necessitating
strict risk assessment procedures in food processing. While
nanotechnology offers opportunities for the food industry,
public education on its health, safety, and environmental
effects remains essential.

Conclusion

Nanotechnology has emerged as a transformative tool
across various sectors, with its applications in food and
agriculture still developing compared to its established role
in medicine and pharmaceuticals. Its potential to enhance
food production, nutritional value, quality, and safety makes
it a promising innovation in the agrifood industry.
Specifically, nanomaterials, such as nanoparticles, have
shown great potential in improving food packaging,
extending shelf life, and enhancing nutrient bioavailability
without altering sensory properties.However, significant
challenges remain, particularly in developing cost-effective,
non-toxic, and biocompatible nano-delivery systems that are
safe for human consumption. The long-term health impacts
of nanomaterials, including their potential bioaccumulation
and unpredictable interactions within biological systems,
necessitate further research. Additionally, the development
of environmentally friendly and sustainable nano-

formulations, such as layer-by-layer techniques, is critical to
mitigating potential ecological risks. To ensure responsible
application, future research should focus on comprehensive
safety assessments, regulatory frameworks, and public
education regarding nanotechnology in food. Addressing
these concerns will be key to balancing innovation with
consumer safety, paving the way for nanotechnology’s
sustainable integration into the food industry.
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