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Abstract

The increasing demand for packaging technologies that actively maintain food quality and safety has highlighted
the potential of silicon dioxide (SiO:) as a multifunctional material. This review discusses the physicochemical
properties, mechanisms of action, application formats, functional performance, and regulatory aspects of SiO- in active
food packaging. Amorphous and mesoporous forms of SiO: exhibit high surface area, strong adsorption capacity, and
thermal stability, enabling their use as moisture and oxygen absorbers as well as carriers for antimicrobial and
antioxidant compounds. Reported applications include silica gel sachets for moisture control, coatings and films
reinforced with nanosilica, and mesoporous silica nanoparticles (MSNs) for controlled release of bioactive agents.
Experimental evidence demonstrates that these systems can effectively reduce microbial growth, delay fruit ripening,
and slow lipid oxidation, thereby extending shelf life while maintaining sensory quality. At the same time, nanosilica
raises safety concerns due to potential migration and bioaccumulation, prompting stricter toxicological testing and
regulatory oversight by bodies such as FDA, EFSA, and BPOM. The main finding of this review is that amorphous and
mesoporous SiO: consistently provide superior functionality compared to crystalline forms, while regulatory
compliance and consumer acceptance remain key challenges. Overall, SiO. shows strong promise as a safe and effective
active packaging component, with future opportunities in smart and biodegradable packaging innovations.
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Introduction

Ensuring food quality and safety is a major global
challenge in the modern food supply chain [1]. Rapid
urbanization, population growth, and evolving dietary
preferences have increased demand for convenient,
ready-to-eat products with extended shelf life [2].
However, prolonged distribution and improper storage
often accelerate deterioration, leading to microbial
spoilage, chemical degradation, and physical damage.
Postharvest losses of fresh produce alone are estimated
at 25% - 30% worldwide, largely due to microbial
contamination and inadequate packaging [3,4]. This
underscores the need for packaging systems that go
beyond passive protection and actively preserve
product quality and safety.

Active packaging has emerged as an innovative
solution by releasing or absorbing targeted substances
such as moisture, oxygen, ethylene, or antimicrobial
agents [5]. For instance, oxygen scavengers can reduce
residual O; in headspace from ~21% to < 1% within 48
h, while moisture absorbers maintain relative humidity
below 30%, effectively preventing mold growth in
bakery products [6,7]. Such functionality is achieved
through active agents including inhibitors, scavengers,
and carriers of bioactive compounds. Among these,
silicon dioxide (SiO) has received growing attention
due to its multifunctionality and compatibility with
food systems [8].

SiO; naturally exists in crystalline (e.g., quartz)
and amorphous (e.g., silica gel) forms [9]. It has long
been used in the food industry as an anti-caking agent
(E551) and is classified as Generally Recognized as
Safe (GRAS) by both the U.S. Food and Drug
Administration (FDA) and the European Food Safety
Authority (EFSA) [10,11]. Its physicochemical
properties - including high adsorption capacity (up to
40% of its weight in water), oxygen absorption, large
surface area (> 200 m?/g for fumed silica and > 1,000
m?/g for mesoporous silica), and chemical/thermal
stability - make it particularly suitable for active
packaging [12]. Depending on its form, SiO, can
function as an oxygen and moisture scavenger or as a
carrier matrix for antioxidants, antimicrobials, and
ethylene inhibitors [13].

Recent advances in nanotechnology have
expanded SiO;’s potential through mesoporous silica
nanoparticles (MSNs) with pore sizes of 2 - 50 nm.

These allow controlled release of bioactive compounds
and improved functional stability [14]. Experimental
evidence shows that MSNs loaded with essential oils
inhibited Escherichia coli by more than 3 log CFU/g
and extended chicken shelf life by up to 7 days under
refrigeration, while silica sachets containing potassium
permanganate delayed tomato ripening by 5 - 7 days at
room temperature [15,16]. Such findings demonstrate
the quantitative effectiveness of SiO,-based active
packaging in real food systems.

Despite these advantages, challenges remain for
industrial ~ application. ~ Toxicological  concerns
regarding nanosilica (< 100 nm), variability of
performance under real storage conditions, and limited
consumer acceptance are key barriers. Studies indicate
that nanosilica at high concentrations may cause
oxidative stress or inflammation, though amorphous
forms are largely inert at lower exposure levels [17].
Regulatory authorities therefore impose strict migration
limits, requiring compliance with maximum thresholds
to ensure consumer safety [18].

However, comprehensive reviews that integrate
both qualitative insights and quantitative evidence on
SiOy’s functional mechanisms, safety considerations,
and practical applications in active packaging remain
limited. Addressing this gap is crucial to provide a
stronger scientific basis for its safe and effective
industrial adoption.

This review therefore critically examines the role
of SiO, in active packaging, focusing on its
physicochemical properties, mechanisms of action,
applications, effectiveness in microbial control and
shelf-life extension, and regulatory aspects. By
highlighting both opportunities and limitations, it aims
to guide future development of SiO,-based active food
packaging technologies.

Data collection method

This literature review was conducted through a
comprehensive  search  of relevant  scientific
publications from internationally recognized databases,
including Scopus, Web of Science, ScienceDirect, and
PubMed. The search covered articles published
between 2000 and 2025 using keywords such as
“silicon dioxide,” “SiO,, "~ “active packaging,” “food

1

packaging technology,” “nanosilica,’ and
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“mesoporous silica.” A total of 312 records were
initially identified, of which 184 were excluded after
screening for duplication, non-English language, or
lack of relevance. The remaining 128 articles were
assessed in full text, and 112 articles were finally
included in this review.

Inclusion criteria were: (i) studies addressing
SiO» in food packaging applications, (ii) discussion of
physicochemical properties, mechanisms, applications,
safety, or regulatory aspects, and (iii) original research
articles or review papers published in peer-reviewed
journals. Exclusion criteria were: (i) studies unrelated
to food packaging, (ii) papers lacking experimental or
scientific  validation, (iii) abstracts, conference
proceedings without full papers, and non-peer-
reviewed sources.

To ensure reliability, references were cross-
checked, and priority was given to high-quality sources
such as peer-reviewed journals, recent publications
(particularly within the last 10 years), and reports from
recognized regulatory authorities (e.g., FDA, EFSA,
OECD).

Properties and characteristics of SiO:

SiO, is an inorganic compound with a very
distinctive  structure and properties, including
variations in crystalline and amorphous forms, diverse
production methods, high thermal stability and
chemical resistance, and safety aspects that need to be

considered.

Chemical structure and physical form

Silicon dioxide (SiO) is composed of 1 silicon
atom tetrahedrally bonded to 2 oxygen atoms [14].
Structurally, it exists in 2 principal forms, crystalline
and amorphous [6,15]. Crystalline SiO,, such as quartz,
tridymite, and cristobalite, generally exhibits
crystallinity levels above 90% with surface areas of

only 1 to 10 m%g, resulting in limited adsorption

capacity of less than 2% water uptake at 60% relative
humidity. In contrast, amorphous SiO», including silica
gel and fumed silica, shows crystallinity levels below
10% and provides a markedly higher surface area,
ranging from 200 to 500 m?/g, while mesoporous silica
can exceed 1000 m?%g. This configuration enables
water adsorption of up to 40% of its own weight and
allows SiO; to function effectively as both an oxygen
scavenger and a carrier matrix for bioactive compounds
[16].

These quantitative distinctions indicate that
amorphous and mesoporous SiO, forms are
indispensable for active packaging applications, since
crystalline structures lack sufficient adsorption and
release capacity. For instance, mesoporous silica
nanoparticles (MSNs)
encapsulation efficiencies above 70% and can extend

commonly achieve

the release of antioxidants or antimicrobials for more
than 7 days under refrigerated conditions [16]. Studies
also report microbial reduction exceeding 3 log CFU/g
in foods treated with MSN-based active films,
compared with less than 1 log CFU/g in controls [16].
A minimum proportion of amorphousness is therefore
required, and higher amorphous content is directly
correlated with improved adsorption and controlled
release performance. Similar patterns have been
highlighted in research on other bioactive systems,
where functional outcomes such as antioxidant
inhibition (ICso values ranging from 0.4 to 2.6 pug/mL)
and bioactive compound retention were strongly
influenced by structural accessibility and concentration
of active constituents [17,18]. These parallels reinforce
that, within the framework of food packaging, SiO»
with predominantly amorphous or mesoporous
structures demonstrates the highest potential as a
carrier  for  encapsulated  antioxidants  and
antimicrobials. An illustration of the tetrahedral
structure and the distinction between crystalline and

amorphous SiO; can be seen in Figure 1.
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Crystalline Si02
(quartz, tridymite, cristobalite):
* Crystallinity > 90%
e Surface area: 1-10 m?/g
« Water adsorption < 2% (at 60% RH)

Amorphous/Mesoporous SiO2
(silica gel, fumed silica, MSN):
¢ Crystallinity < 10%
s Surface area: 200-1000+ m?/g
* Water adsorption up to 40% of
weight

Figure 1 Tetrahedral structure of SiO; and the distinction between crystalline and amorphous forms.

Production method

Various forms of SiO, can be obtained through
synthetic processes that produce different physical and
chemical characteristics, including: Precipitated silica:
Strong acid and sodium silicate react to form
precipitated silica, which is made up of amorphous
silica particles that range in size from microns to
nanometers [19]. Usually utilized in packaging films as
a filler or absorbent substance [20].

Fumed silica (pyrogenic silica): In order to create
fume silica, also known as pyrogenic silica, volatile
silicon compounds like silicon tetrachloride (SiCly)
must be burned in an oxygen and hydrogen atmosphere
[21]. This product comes in the form of an ultra-fine
amorphous powder with a high specific surface area (>
200 m?/g), making it appropriate for use as a carrier

agent for active ingredients or as a mechanical
reinforcement in film packaging [22].

Mesoporous silica: These mesoporous silicas,
such as MCM-41 and SBA-15, contain pores that range
in size from 2 to 50 nm with an extremely high surface
area (> 1,000 m?/g) [23]. This structure is better to
other antibacterial and antioxidant release systems in
active packaging because it permits the regulated
release of active ingredients [24]. An overview of these
production methods and the resulting forms of SiO»
can be seen in Figure 2.

The kind and form of SiO, used has a significant
impact on the packaging system’s functional
performance in terms of chemical stability, adsorption,
and diffusion.
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Precipitated silica
e Input: sodium
silicate + strong
acid - Output:
amorphous silica
particles (um-nm).
e Use: filler, absorbent.

e Input: SiCls + O2/H=

powder (>200 m?/g

Structural Comparison
» Precipitated silica: irregular granules,
moderate porosity.
* Fumed silica: ultrafine fluffy particles
with very high surface area.
* Mesoporous silica: ordered channels/
hexagonal pores (MCM-41, SBA-15).

e Fumed

Fumed silica (pyrogenic)

combustion = Output:
ultrafine amorphous

» Use: carrier, reinforcement.

Mesoporous silica (MCM-41,
SBA-15)

o Input: templating/
controlled synthesis =
Output: pore size 2-50 nm,
surface area >1000 m?/g.
Use: controlled release of
antimicrobials/
antioxidants.

).

Functional Impact for Active Packaging
» Precipitated silica = moisture adsorption.

silica = film reinforcement & carrier.

* Mesoporous silica = controlled release.

e

Figure 2 Production methods of SiO»: Precipitated, fumed, and mesoporous forms with their functional characteristics.

Thermal and chemical stability

The resilience of SiO; against high temperatures
and harsh environmental conditions is one of its key
benefits. Silica is chemically inert in the pH range of 3
to 9 and does not readily decompose at temperatures
than 1,000 °C [25]. of this
characteristic, SiO> can be utilized in a broad range of

higher Because
food products, including thermally sterilized ones.
Furthermore, the silica surface can be chemically
altered (surface functionalization) to improve its
affinity for specific active substances like phenolics,

ethylene inhibitors, or essential oils [26].

Safety and toxicology aspects

SiO; has long been utilized in the food industry
as both a packaging component and an additive (E551),
and is generally considered safe by major regulatory
bodies [27]. The European Food Safety Authority
(EFSA) permits its use in food-contact materials with a
specific migration limit (SML) of up to 10 mg/kg food
for amorphous forms, whereas the U.S. Food and Drug
Administration (FDA) classifies SiO» as Generally
Recognized as Safe (GRAS) under 21 CFR §182.90

[28,29]. However, special attention is required when
using nanoscale SiO, (particle size < 100 nm), due to
its higher surface reactivity and potential to cross
biological barriers.

Toxicological studies have shown that nanosilica
particles below 50 nm in diameter and at
concentrations exceeding 100 pg/mL can induce
oxidative stress, inflammatory responses, or cytotoxic
effects in various cell lines [30]. In vivo studies also
report tissue accumulation in the liver, spleen, and
gastrointestinal tract when exposure levels exceed 50
mg/kg body weight [31]. The degree of toxicity is
strongly influenced by particle size, surface charge,
aggregation state, and exposure route.

Therefore, the development of nanosilica-based
packaging must adopt a precautionary approach, which
includes quantitative migration testing using food
simulants (e.g., 3% acetic acid or 10% ethanol),
assessment of specific and total migration levels, and
comprehensive in vitro and in vivo toxicological
evaluations. These measures should comply with the
established by EFSA and the

Economic

latest guidelines

Organisation  for Co-operation and
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Development (OECD), which recommend that
nanosilica migration remain below the threshold of 10
mg/kg food and that particle sizes be clearly
characterized during risk assessment [32,33].

The working mechanism of SiO: in active packaging

The special physicochemical characteristics of
SiO,, including its large specific surface area, robust
adsorption capacity, and excellent thermal and
chemical durability, allow it to serve a number of
purposes in active packaging processes [10]. SiO, has

several uses in food packaging technology, such as an

encapsulation method for bioactive substances, an
agent that absorbs moisture and gases, and an active
ingredient in films or sachets that interact either
directly or indirectly with the microenvironment within
the packaging [11]. This mechanism plays a major role
in controlling the sensory quality, extending the shelf
life, and lowering the danger of microbial
contamination in packaged food products. Table 1
explains the various working mechanisms of SiO; in
active food packaging systems, based on their
application form, main function, and examples of their

use in various types of food products.

Table 1 Working mechanism and application of silicon dioxide in active food packaging.

Working mechanism

The form of SiO: used

. . Examples of food
Main function L.
applications

Adsorption of moisture and gas

Silica gel and fumed silica

Reduces relative Instant coffee, biscuits,
humidity and O, levels in  and dry food

the packaging

Encapsulation of Mesoporous silica
antimicrobial/antioxidant

compounds modified silica

nanoparticles (MSNs) and

Protection of active Meat, dairy, fish, and

compounds and bread products

controlled release

Modification of the barrier

properties of packaging films

Nanosilica in biopolymer
films (e.g. chitosan, PVA)

Fresh vegetables, cheese,
and bread

Improve mechanical
properties and barrier

against water/gas

Micro-environmental Silica sachet + active

interactions of packaging

compound (e.g. KMnQOy4)

Regulates the internal Fresh fruit (tomatoes,

atmosphere and slows bananas), vegetables
down ripening or

spoilage

Indirect antimicrobial activity
Zn2+)

SiO; + metal ion (Ag™,

Suppresses the growth of  Processed meat products
pathogenic bacteria and ready-to-eat foods
through the release of

toxic ions

As a moisture and oxygen absorbing agent

SiO; functions primarily through the physical
adsorption of gas and water molecules [34]. Through
hydrogen interactions between water molecules and
silanol groups (—Si—OH) on the particle surface, the
amorphous pore structure of SiO,, particularly in the
form of silica gel and fumed silica, permits contact
with water vapor in the air [35]. Amorphous SiO; such
as silica gel is capable of adsorbing up to 40% of its
own weight in water at moderate relative humidity,

while crystalline SiO, adsorbs less than 2%,

highlighting the superior adsorption capacity of the
amorphous form. Even at low relative humidity levels
(less than 30% RH), SiO; has a very high capacity for
adsorbing moisture, which makes it a useful desiccant
material for packing dry foods, biscuits, instant coffee,
and processed goods that are sensitive to moisture [36].

SiO, exhibits the ability to absorb oxygen in
addition to water when functionally altered or mixed
with other substances like sodium dithionite or iron
oxide [27]. Studies also report that oxygen scavenging

with modified SiO can reduce residual oxygen in the
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packaging headspace to below 1% within 48 hours,
thereby slowing oxidation and microbial growth. This
oxygen absorption is important in preventing fat
oxidation, degradation of natural pigments (such as
carotenoids and anthocyanins), and the growth of

aerobic microorganisms [37].

As a carrier for antimicrobial and antioxidant
compounds (encapsulation)

SiO, has the capacity to function as a carrier
matrix for active substances that operate on the basis of

encapsulation, particularly when it takes the form of
modified silica gel or mesoporous silica nanoparticles
(MSNs) [38]. Bioactive substances such phenolic
acids, metal ions (Zn?*", Ag"), synthetic antioxidants
(BHT, BHA), and essential oils (e.g., eugenol, thymol)
can be trapped by the pore surfaces and walls of the
mesoporous channels [39]. An overview of SiO,-based
encapsulation and its role in extending food shelf life is
presented in Figure 3.

Si0z particle

Encapsulation of Active

Moisture & Oxygen Absorption
| Compounds

+ Adsorbs up to 40% own
weight in Hz20.

» Reduces 02 < 1% (with » Protects from degradation
modifiers). (heat/oxygen/light).

» Protects dry foods, coffee, * Prolonged antimicrobial/
biscuits. antioxidant activity.

+ Pathogens inhibited:
Listeria, E. coli, S. aureus.

Interaction with Food &
Packaging System

» Coating layer - inhibits

Outcomes Section

= L.
<
[S J ]

« Qutcomes listed:
= Extended shelf life
(+5-7 days).
= Reduced microbial

&5,

respiration & microbial

growth. load (>3 log CFU/qg
» Sachet + KMnOs - delays reduction).
tomato/banana ripening. = Lower oxidation ({
» Film + antifungal SiOz - lipid peroxidation by
prevents bread mold. 40-50%).
2 Improved sensory
quality.

Figure 3 Illustration of SiO»-based encapsulation of active compounds and their applications in food packaging.

The 2 primary benefits of this encapsulation are
preventing the active ingredient from being
prematurely degraded by heat, oxygen, or light; and
allowing for controlled release into the package’s
headspace or straight onto the food’s surface within a
predetermined window of time [40].

According to a number of studies, biopolymer-
based film packaging, including chitosan or PVA
modified with SiO, and containing essential oils, has
potent antibacterial properties against food pathogens
like Listeria monocytogenes, Staphylococcus aureus,
and Escherichia coli [41-43]. Furthermore, it has been
demonstrated that the antioxidants released by MSNs

slow down the pace of lipid peroxidation and preserve

the sensory appeal of fat-based items [44].

Interaction with food products and storage
environment

The way SiO; interacts with food products in
practical applications is largely determined by the
packaging system’s design, including whether the SiO,
is incorporated into the packaging film itself, as a
coating layer, or as a separate sachet. SiO, enhances
the mechanical and barrier qualities of the polymer
film (i.e., the ability to withstand gas and water) in
addition to acting as an active agent in nanocomposite

films [45]. Furthermore, SiO> can alter the packaging’s
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inner surface to provide a microenvironment that is
more thermodynamically stable [38].

For instance, using silica sachets containing
antiethylene compounds (such KMnOjy) absorbed in the
silica’s porous structure might prolong shelf life and
prevent ripening in fresh products like fruit and
vegetables [46]. Experimental evidence shows that
such sachets can extend the ripening time of bananas
and tomatoes by 5 - 7 days under ambient conditions
compared to controls. On the other hand, the use of
active films containing encapsulated antifungal SiO»
can inhibit the growth of mold that damages bread
products [47]. Studies report that bread packaged with
antifungal SiO, films remains mold-free for up to 10
days, whereas untreated bread shows visible spoilage

within 3 - 4 days.

Experimental evidence support

The efficiency of SiO,’s operating mechanism in
active packaging systems has been validated by a
number of experimental investigations. Ma et al. [46]
shown that gelatin film containing nanosilica modified

with oregano oil might inhibit microbial development

and reduce lipid oxidation in fish that was packaged.
According to Hadidi et al. [47], MSNs containing
gallic acid that were used in milk packaging improved
the stability of bioactive substances and inhibited the
growth of microorganisms. Warsiki [48] extended the
shelf life of tomatoes by up to 7 days at room
temperature by using sachets made of silica gel and an
ethylene binder.

Application of SiOz2 in active packaging

In recent decades, SiO, has seen tremendous
advancement in active packaging technology, in
tandem with the food industry’s growing demand for
packaging systems that can actively prolong shelf life,
preserve quality, and enhance food safety in addition to
being passively protective [51]. SiO, is used in a
variety of formulations and packaging technologies
that are tailored to the functionalities and properties of
food products [52]. Table 2 presents a systematic
classification of the various forms of SiO; applications
in active food packaging, based on product category,
application format, main function, and additional

innovations that support the efficacy of the technology.

Table 2 Applications and technology of SiO, in active food packaging.

Examples of food

Application categories

SiO: format

Main function

Additional components

products
Dry food Powder / granules in Moisture absorbent and  Biscuits, cereals, and  SiO> sachet + essential
sachets anti-caking spices oil / metal ion
Fresh food SiO2 based coating Inhibits respiration, Fresh fruits and Coating SiO2 + enzymes
layer maintains moisture, vegetables or organic acids
and suppresses
microbes
Processed/served food Polymer nanocomposite  Active antimicrobial, Processed meat, Biopolymer + nanosilica

film with SiO2

water vapor/gas
barrier, and control of
active substance
release

milk, and frozen
foods

/ MSNs

Sealed packaging

Active sachet (SiO2 +
bioactive compounds)

Moisture absorber +
simultaneous
antimicrobial release

Cheese, snacks, and
meat products

SiOz + eugenol, thymol,
AgNP

Smart and active
packaging

Mesoporous silica
nanoparticles (MSNs)

Active substance
delivery system that is
responsive to the
environment

Seafood

MSNs +
cinnamaldehyde, ferulic
acid, essential oils

Advanced antimicrobial
combinations

Active carrier (modified
Si02)

Zn”*/Ag" ion release
regulator, increasing
the stability of

bioactive compounds

Microbial sensitive
processed products

SiO2 + ZnO, AgNP,
proteolytic enzymes
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Application to various food products

SiO, has been used extensively in active
packaging for dry food items such as cereals, biscuits,
and spices, where its water adsorption capacity can
reach up to 40% of its own weight, effectively
preventing caking and maintaining product flowability
[53]. In fresh food products such as fruits and
vegetables, sachets containing SiO, combined with
ethylene scavengers have been reported to delay
ripening by 5 - 7 days and reduce microbial load by
more than 2 log CFU compared to untreated controls
[54]. In processed and ready-to-eat foods, such as dairy
and meat products, antimicrobial SiO, systems have
demonstrated inhibition of Listeria monocytogenes and
Escherichia coli by more than 90%, thus contributing
significantly to food safety [55].

SiO2-based packaging format

Polymer films and nanocomposites containing
SiO, have shown improvements in tensile strength by
15% - 25% and reductions in oxygen permeability of
up to 30% when compared with neat biopolymer films
[45]. Uniform dispersion of SiO, within the matrix is
critical to achieving these effects [56]. As a surface
coating, SiO, has been demonstrated to reduce
microbial contamination on fresh produce surfaces by
up to 2 log cycles, while also controlling the release of
active compounds [57,58]. Sachets and pads with
granular or powdered SiO can maintain relative
humidity below 30% inside packages, thereby
preventing mold growth, while the latest formulations
enriched with essential oils or metal ions further extend
shelf life by 3 - 5 days compared to conventional
sachets [59,60].

Combination with other active ingredients

When combined with zinc oxide (ZnO) or silver
nanoparticles (AgNPs), SiO, matrices have achieved
complete inhibition (> 99%) of Gram-positive bacteria
such as Staphylococcus aureus and Gram-negative
bacteria such as E. coli within 24 - 48 h [62,63].
Encapsulation of essential oils such as eugenol or
thymol within a SiO, matrix not only improves
stability during storage but also enables controlled
release for up to 10 days, significantly prolonging the
antimicrobial activity [60,61]. Similarly, formulations

with organic acids and enzymes incorporated into
SiO,-based systems have been shown to suppress
fungal growth on bread and cheese by more than 80%
[64].

Latest innovations: Nanosilica and
mesoporous silica nanocarriers

Nanosilica with particle sizes below 100 nm
exhibits water adsorption up to 1.5 times higher than
micron-sized silica, while also enhancing polymer film
barrier properties by reducing water vapor transmission
rates by 20% - 35% [65,66]. Mesoporous silica
nanoparticles (MSNs), with pore sizes of 2 - 50 nm and
surface areas exceeding 1,000 m?/g, can achieve
encapsulation efficiencies greater than 70% for active
molecules [67]. Controlled release studies show that
MSNs can deliver antioxidants such as ferulic acid or
cinnamaldehyde steadily over a period of 5 - 10 days,
depending on humidity and temperature [68].
Applications in chilled meat and seafood packaging
have demonstrated reductions in lipid oxidation by up
to 40% and microbial growth suppression by 2 - 3 log
CFU, without negatively affecting sensory quality [69].
Recent innovations using MSN-modified films have
further extended the shelf life of fish and poultry by 5 -
7 days under refrigeration [70-72].

Effectiveness and performance of silicon dioxide in
active packaging

Numerous experimental techniques have been
used to thoroughly examine the efficacy of SiO, as an
active ingredient in food packaging systems, both in
lab settings and in large-scale storage simulations. This
assessment covers SiO;’s capacity to lower oxygen and
humidity levels in the packing headspace, its indirect
antimicrobial  activity via active  component
encapsulation, its impact on food’s organoleptic
quality, and its relative effectiveness in comparison to
other active ingredients [70]. Overall, research
indicates that SiO, significantly prolongs food goods’
shelf lives while preserving their chemical, physical,
and microbiological qualities [74].
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Laboratory test results: Microbial depletion,
oxygen and water content, and sensory tests

In lab experiments, it was demonstrated that
SiO,, a moisture-absorbing substance (desiccant),
decreased the packaging’s relative water content,
resulting in less conducive conditions for the growth of
microbes [72]. For instance, it has been demonstrated
that using silica gel in sachets in biscuit and chip
packing can lower relative humidity from over 60% to
less than 30% in a day, greatly preventing the growth
of Gram-negative bacteria and mold (Aspergillus
niger) [76,77].

Utilizing SiO, as an encapsulating matrix for
active chemicals greatly boosts its efficacy in
antibacterial applications [78]. According to a study by
Lu et al. [79], processed chicken held for 7 days at 4
°C exhibited a 3 log CFU/g decrease in E. coli counts
when gelatin films with thyme oil-loaded mesoporous
silica nanoparticles (MSNs) were used, as opposed to a
1 log CFU/g decrease in the control. Packaging using
Si0,-based active film did not significantly alter the
product’s flavor, texture, or odor in sensory testing,

suggesting good sensory compatibility [80].

Comparison with other active ingredients

SiO, has a number of performance advantages
over other active materials as zeolite, activated carbon,
or clay minerals. SiO, shows faster moisture adsorption
ability in low-medium humidity (< 60% RH), while
zeolite is more active at high humidity [81]. According
to a study by Barbosa et al. [82], films based on
nanochitosan and SiO, had more consistent
antibacterial efficacy than films containing zeolite
fillers, particularly after 15 days of storage. In the
meantime, SiO; is safer for use in food applications due
to its superior heat stability and reduced migration
profile when compared to activated carbon [83].

Technical challenges in formulation and
production

Industrial adoption of SiO, is still hampered by
technological issues, despite its many benefits. The
dispersion of particles within the polymer matrix is one
of the primary limitations [84]. Agglomeration of SiO;
nanoparticles might result in heterogeneity in the
packing film and decrease the efficiency of their active
surface [85]. Several strategies are employed to get

around this, including the use of surfactants or surface
modification with silanes [86].

Controlling the release of active chemicals from
the SiO, matrix is another difficulty. During processing
and storage, bioactive chemicals must be encapsulated
within silica pores while taking into consideration
temperature, pH, polarity, and molecular size [87].
Furthermore, the release profile (release kinetics) is
significantly influenced by factors including SiO»
concentration, pore size, and loading method (physical
adsorption vs. covalent bonding) [88].

From a production standpoint, to use SiO; in
polymer films on a wide scale, the viscosity and
compatibility of the molding process (casting,
extrusion, and blowing) must be adjusted, and the
active ingredient migration must comply with

regulatory standards [89].

Case studies and quantitative data

Table 3 presents a number of recent studies that
demonstrate the effectiveness of SiO; in various forms
of active packaging applications for various types of
food products. These findings generally suggest that
SiO, is a crucial supporting element in oxidation
prevention, microbial control, and ripening process
regulation during storage.

According to a study by Li et al [90],
mesoporous silica nanoparticles (MSNs) loaded with
thyme oil in a gelatin film matrix had strong
antibacterial activity against E. coli. The potential of
this approach as a substitute for artificial preservatives
is demonstrated by the drop in bacterial count of > 3
log CFU/g after seven days of cold storage. MSNs
serve as a carrier that preserves and releases essential
oils in a regulated way, extending their antibacterial
activity and preserving the stability of bioactive
substances over time. Ripening management is a
significant post-harvest distribution difficulty for
horticulture crops like tomatoes. Alonso-Salinas et al.
[91] used silica sachets that contained potassium
permanganate (KMnOy), a substance that effectively
oxidizes ethylene, a hormone that causes fruits to
mature. In order to facilitate efficient interaction with
ethylene gas in the packaging headspace, SiO; in the
form of silica gel functions as an absorbent matrix and
promotes the spread of KMnOs. As a result, tomatoes
have a 5- to 7-day longer shelf life without noticeably
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compromising their sensory quality. This strategy is
particularly significant for export commodities and
long-chain storage.

Lipid oxidation and microbiological growth are
the primary factors that limit the shelf life of high-fat
food goods like fish. According to Ma et al. [46], the
usage of gelatin films treated with oregano oil and
nanosilica was beneficial in preventing the growth of
mold and lowering thiobarbituric acid reactive
substances (TBARS) readings by as much as 50%,
which indicates a decrease in fat oxidation.
Antimicrobial and antioxidant active chemicals can
gradually diffuse to the product surface during cold
storage thanks to the protective and dispersive matrix
that nanosilica provides for essential oils. Pathogenic

bacteria like Listeria monocytogenes thrive in semi-

hard cheese products because of their high-water
content and pH.

According to a study by Kalajahi et al. [92], the
Listeria population may be reduced by more than 2 log
CFU/g by applying a silica gel-based coating that
contained zinc oxide (ZnO) and e-polylysine. In this
instance, silica serves as a carrier and releaser of
antimicrobial active ingredients in addition to
enhancing the mechanical characteristics and
adherence of the cheese’s protective coating. This
recipe provides a natural, non-synthetic way to prolong
dairy products’ shelf life without changing their flavor.
Figure 4 presents representative examples of SiO»-
based active packaging systems applied to different
food products, highlighting their roles in microbial
control, oxidation prevention, and ripening

management.

Table 3 Some key studies on the effectiveness of SiO- in active packaging applications.

Application forms of

Food products SIiO Senyawa Aktif Efek Referensi
i02
. . . E. coli reduction > 3 )
Processed chicken Gelatin film + MSNs Thyme oil Liet al [87]
log CFU/g for 7 days
Silica sachet + . Shelf life increases by  Alonso-Salinas ef al.
Fresh tomatoes Anti-ethylene
KMnO4 5 -7 days [88]
Inhibits mold,

Gelatin film +

Mackerel fish »
nanosilica
. Silica gel based
Semi-hard cheese ]
coating

Oregano oil

decreases fat oxidation
(TBARS | 50%)
Reduction of Listeria

Ma et al. [46]

ZnO + g-polylysine ~ monocytogenes > 2 log  Kalajahi et al. [89]

CFU/g
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Figure 4 Applications of SiO,-based active packaging systems in various food products through antimicrobial,

antioxidant, and ripening control mechanisms.

Food regulation and safety

Several worldwide regulatory agencies strictly
monitor the use of SiO, in active food packaging
applications in order to protect consumer safety and
avoid toxicological hazards brought on by chemical
migration into food [93]. Even though SiO» has been
widely accepted as safe in a variety of food
formulations, a more precise and uniform risk
assessment is necessary when using it in active
packaging systems, especially when it comes to
nanoparticle form.

Global regulations: FDA, EFSA, and BPOM

Si0, is a generally recognized as safe (GRAS)
substance that can be used as an anti-caking agent and
in food additives, according to the US Food and Drug
Administration (FDA) [9]. The FDA allows SiO> to be
used as an additive in plastic packaging for food
packaging applications as long as it doesn’t provide a
toxicological risk to consumers and has specific

migration limits.

In the European Union, SiO: is listed as an
ingredient that is allowed in plastic food contact
materials (FCM) with a specific migration limit (SML)
according to regulatory framework (EU) No. 10/2011,
which was issued by the European Food Safety
Authority (EFSA) [8]. Although EFSA reported that
amorphous silica, such as fumed silica and colloidal
silica, did not exhibit acute hazardous or carcinogenic
effects, additional research is still necessary to
determine the bioavailability and potential tissue
accumulation of nanosilica [28].

In contrast, national and international laws
pertaining to food additives and packaging are referred
to as BPOM in Indonesia. Packaging materials that
come into direct touch with food must adhere to safety
regulations and not discharge hazardous substances
above the threshold, according to BPOM Regulation
No. 20 of 2019 concerning Food Packaging [94]. SiO,
is allowed in packaging, but there are currently no
regulations governing its usage in nanoform; therefore,
it must be examined separately and obtain special
notice or authorization before being used widely [95].
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Migration limits, labeling, and risk evaluation

The migration of active ingredients into food is a
significant factor in the safety of SiO-based active
packaging. The goal of migration research is to
quantify the quantity of SiO; or similar substances that
move from packaging to food when storage
circumstances (temperature, duration, and food type)
are reproduced [96]. For instance, the Specific
Migration Limit (SML) for amorphous SiO, is
typically non-specific because it is regarded as
chemically inert, and for SiO, nanoparticles, some
agencies, like EFSA, still take toxicological and
bioaccumulation data into account before establishing a
definitive SML. Both total and specific migration must
be below the threshold established by the authority
[28].

In addition, the labeling aspect becomes
important when SiO, is used in active or nano form.
The active system must be identified on the label,
along with the fact that the packaging is not meant to
be eaten or to materially alter the food’s organoleptic

properties [5].

Toxicology and nanotechnology issues

The use of nanosilica (SiO, < 100 nm) in
sophisticated active packaging systems is receiving
more attention, despite the fact that amorphous SiO»
has been demonstrated to be non-toxic at typical usage
dosages [97]. Numerous studies have demonstrated that
when utilized in high quantities or in unstable forms,
nanoparticles ~ can  induce  oxidative  stress,
inflammation, or decreased cell function in addition to
undergoing systemic translocation after consumption
[98-1001].

Nevertheless, a number of other investigations
revealed that surface-stable and insoluble amorphous
nanosilica was bioinert, did not build up in tissues, and
was quickly eliminated by feces [101-104]. As a result,
factors including exposure route, dispersion stability,
specific surface area, morphological shape, and particle
size are crucial for risk evaluation.

Various  authorities  advise  using  the
precautionary principle while using nanosilica in this
situation, pending the release of additional scientific
data about long-term impacts [8,9,28]. In addition to
migration simulations utilizing common food simulants

like 10% ethanol, 3% acetic acid, or olive oil, safety

assessments should incorporate both in vitro and in
vivo testing [105].

Challenges and prospects for development

SiO, has demonstrated considerable promise as
an active element in food packaging; nonetheless, a
number of technological, financial, and societal
obstacles still stand in the way of its broad industrial
use [106]. However, new avenues for the creation of
more environmentally friendly and functional SiO;
have been made possible by advancements in material
technology and growing awareness of food
sustainability.

Challenges in industrial applications

The high cost of production is one of the primary
challenges, particularly for products based on
nanosilica or mesoporous silica that need surface
treatments, precise synthesis procedures, and extra
safety testing [107]. Comparing SiO-based active
packaging solutions to traditional packaging, the
former is less cost-effective for small- and medium-
sized businesses [25].

The capacity of SiO, to preserve its adsorptive
qualities and release active ingredients (controlled
release) under different storage circumstances
(temperature, humidity, and pH) are issues from the
functional stability perspective [108]. Its efficacy as an
active agent may be impacted by the interaction
between SiO, particles and the packaging matrix (such
as Dbioplastic film or conventional polymer),
particularly during extended storage times [11].

Additionally, there is opposition from the
consumer acceptability side, particularly if information
about the usage of products based on nanotechnology
is not well disseminated. Even though SiO, has been
scientifically shown safe in several evaluations,
concerns about nanoparticle migration, toxicological
problems, and opaque labeling can lower the degree of

trust in active packaging solutions [109].

Potential for development of functional SiO»

Advances in nanotechnology and surface
engineering are enabling the development of more
functional and intelligent SiO,, such as: Smart
packaging: SiO; can be altered to function as a gas
detection sensor (ethylene, for example, for
determining the ripeness of fruit) or as a pH,
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temperature, and humidity indicator that indicates a
drop in product quality [110].

Active biodegradable packaging: SiO, can be
combined with biopolymer base materials such
modified starch, polylactic acid (PLA), or chitosan to
create packaging that is not only ecologically benign
but also biodegradable and active [111].

Time-controlled or environmental-responsive
release systems of antimicrobial or antioxidant agents

based on mesoporous silica nanoparticles (MSNs)

enhance protection against microbial contamination
and oxidative degradation [112].

This type of innovation makes it possible to
expand the use of SiO; not only as a passive adsorbent
but also as a crucial component of interactive
packaging solutions that lower food waste and improve
food security. The potential development of functional
SiO» in packaging applications is illustrated in Figure
5.

A

Smart packaging: SiO2
can be altered to
function as a gas
detection sensor or as
a pH, temperature,
and humidity indicator.

Active biodegradable
packaging: SiOz can be
combined with biopolymer
base materials.

Applications of SiOz in Active
and Smart Packaging

Uquid

¢

Time-controlled or
environmental-
responsive release
systems of
antimicrobial or
antioxidant agents.

Feed Pump l
Nemmg I
MEPA DX -
s
Process | =
Alr Heater | 1
: Cyclone
Oryng

Chamber vane

Figure 5 Potential functional development of SiO» in smart and active packaging applications.

The need for further research and
multidisciplinary collaboration
A multidisciplinary  collaborative  strategy

involving the disciplines of materials science, food

toxicity, microbiology, chemical engineering, and
consumer sociology is necessary to ensure the best
possible utilization of SiO, in active packaging. The
development of more accurate migration and
biointeraction characterization techniques, particularly
for nanosilica, the optimization of SiO; synthesis and
surface modification to make it compatible with

different polymer matrices, the testing of SiO’s

functional effectiveness under real-time storage
conditions with different food types, and the
investigation of consumer attitudes and public

education regarding the advantages and safety of SiO,-
based active packaging should be the focus of future
research.

flexible
support  packaging

Furthermore, a more regulatory

framework is required to
innovations based on nanomaterials while upholding

the precautionary principle of consumer safety.



Trends Sci. 2025; 22(12): 11631

15 of 22

Conslusions

This review shows that silicon dioxide (SiO) is a
promising multifunctional material for active food
packaging, with properties such as high surface area,
strong adsorption capacity, and structural tunability
that enable its role as a moisture and oxygen scavenger,
carrier for antioxidants and antimicrobials, and
stabilizer in nanocomposite films. Quantitative
evidence demonstrates its ability to reduce microbial
loads, slow lipid oxidation, and extend shelf life,
making it a valuable and sustainable alternative to
conventional preservatives.

The main contribution of this review is to
integrate qualitative insights with quantitative data,
offering a comprehensive perspective on the
mechanisms, applications, and safety considerations of
SiO; in food packaging. While challenges remain in
terms of cost, toxicological concerns, and consumer
acceptance, future development of functional and smart
SiOz-based packaging could enhance food safety,
reduce waste, and provide significant benefits for both

scientific advancement and industrial practice.
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