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The demand for high food safety standards, spoilage prevention, and the minimization of food waste has spurred
extensive investigation into intelligent food packaging. Within this field, considerable attention has been directed
towards two-dimensional (2D) nanomaterials owing to their exceptionally thin layered configuration and diverse

gjggcoilf:sil;e physicochemical, electrical, optical, and thermal properties. These attributes render 2D nanomaterials highly
Shelf Fife ging suitable for enhancing sensing capabilities in intelligent packaging systems. This review delves into the forefront

of research concerning the utilization of 2D nanomaterials in intelligent packaging applications. It provides a
comprehensive survey of intelligent food packaging concepts and explores various 2D materials, including
graphene-based materials, MXene, and silicate clay, investigated for their potential in intelligent packaging
systems. Additionally, the review interprets the structure, properties, and utilization of 2D materials in diverse
biosensing systems encompassing gas, moisture, pH, and bacteria sensors, indicators, or wireless tags. Moreover,
it examines the influence of 2D materials on the mechanical, optical, thermal, barrier, and bioactive properties of
smart packaging, while also deliberating on their respective advantages and limitations. By combining these
foundational elements, this study offers a distinctive and thorough contribution to the domain of food packaging,
laying the groundwork for the future development of sustainable and high-performance packaging materials.

1. Introduction disposal of non-spoiled food items. Foodbank highlights that approxi-

mately 70 % of discarded food remains perfectly edible, contributing to

Packaging, storage conditions, and transportation factors signifi-
cantly influence food quality and shelf life [1,2]. As such, it is difficult to
accurately estimate the food expiry date, resulting in food spoiling
before its printed expiration date and causing food poisoning [3,4]. The
World Health Organization (WHO) reported in 2017 that spoiled foods
cause 600 million illnesses and 420,000 deaths annually [5]. On the
other hand, the printed expiration date and best-before date frequently
are inaccurate at predicting food shelf-life, resulting in unnecessary
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a global problem where roughly one-third of all produced food never
reaches human consumption, leading to excessive waste and foodborne
diseases [6]. These issues primarily arise from the lack of real-time
quality and freshness monitoring, coupled with the rapid growth of
microorganisms and metabolite changes. However, a promising solution
to prevent spoilage and reduce waste can be found in smart packaging.
Smart packaging, which integrates intelligent and active systems, ad-
dresses the underlying causes of food spoilage and waste [7]. Intelligent
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packaging provides real-time data on food quality and introduces dy-
namic expiration dates through innovative indicators and sensors. This
transition from static shelf life to dynamic shelf life reduces food waste
and protects consumers against potential foodborne illnesses [8,9].

The emergence of nanotechnology has opened up new possibilities
for the development of advanced intelligent packaging [10,11]. Within
the diverse category of nanomaterials, two-dimensional materials (2D)
have emerged as a novel and promising class with considerable potential
in the field of food packaging [12]. A 2D material is defined as a material
where the atomic arrangement and bond strength are notably stronger
across two dimensions than in a third dimension [13]. These materials
are distinguished by their layered structures and exhibit exceptional
characteristics of having a single or only a few atoms in thickness, often
measuring less than 5 nm [14]. Interestingly, their lateral dimensions
can extend beyond 100 nm, and in some cases, even reach a few mi-
crometers [15]. Their high surface-to-volume ratio, which is different
from bulk materials, is their most important property. This property is
advantageous for the transport of mass and heat, as well as for ion
diffusion [16]. Graphen and its derivatives, (i.e. graphene oxide (GO)
and reduced graphene oxide (rGO)), MXenes, and silicate clay are the
most used 2D materials in intelligent food packaging systems.

The structural composition of 2D materials exhibits heightened
physicochemical, optical, and electronic attributes, primarily influenced
by distinctive characteristics such as phase their size, stability, crystal-
linity, and exfoliation level. These attributes may vary based on the
synthesis approach utilized. Recently, these specific attributes of 2D
materials have been found to significantly enhance the performance
metrics of sensing and biosensing systems, particularly in optical and
electrochemical transduction approaches [16,17]. This renders them
promising candidates for intelligent food packaging, enabling the
detection of various analytes and changes created during food shelf-life.
A 2D material can be tailored to act as a sensor, colorimetric indicator,
or wireless tag to detect temperature changes, gas concentrations, and
specific substances present within the packaging. In this manner, the
packaged food is monitored in real-time to ensure its quality and safety.
Moreover, they can be designed to react to specific triggers, such as pH
change, temperature change, moisture or gas composition change,
making them highly customizable [18,19]. Furthermore, 2D materials
possess the potential to offer packaging materials with bioactive prop-
erties such as antioxidant and antibacterial activities, while also
impacting package characteristics such as mechanical strength, barrier
properties, optical clarity, and thermal conductivity.

Despite the exceptional properties of 2D materials and widely
available research on their application in intelligent food packaging and
providing excellent functions, to the best of our knowledge, there has
been no comprehensive review to date on the potential effects of 2D
materials on intelligent food packaging. This review article provides an
overview of various 2D nanomaterials and their structures and proper-
ties. Additionally, 2D nanomaterials are explored in various intelligent
packaging applications including sensors, colorimetric indicators, and
wireless tags. We also examine how 2D nanomaterials affect smart
packaging properties such as barrier, thermal, mechanical, and antimi-
crobial properties. Lastly, it discusses the pros and cons of 2D nano-
materials in intelligent packaging. The general overview of the present
review is shown in Fig. 1.

2. Intelligent food packaging

Conventional plastic packaging limitations, which often are unable
to accurately display real-time food expiration dates, contribute to both
food waste and the risk of foodborne diseases. Food products’ quality
and shelf life are significantly influenced by factors such as packaging,
storage conditions, and transportation. Consequently, it becomes chal-
lenging to accurately determine the true expiry date of food items,
resulting in food spoilage before the printed expiration date and the
potential risk of foodborne illnesses [8]. According to a 2017 report by
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Fig. 1. Schematic overview of the present review.

the World Health Organization (WHO), spoiled foods lead to approxi-
mately 600 million cases of illness and 420,000 deaths annually [5]. In
contrast, the printed expiration date and best-before date may not
consistently align with the actual shelf life of a product, leading con-
sumers to discard items that are still safe to consume. Intelligent pack-
aging, incorporating both intelligent and active systems, offers solutions
to these issues by providing real-time information on food quality and
dynamic expiration dates using indicators and sensors. This transition
from fixed to dynamic shelf life reduces food waste and protects con-
sumers against foodborne illnesses [20]. Some smart packaging solu-
tions, containing active agents, enhance food shelf life and quality by
controlling oxygen levels, inhibiting microbial growth, and preventing
unwanted metabolic changes [21,22]. Intelligent packaging includes
smart sensors, time-temperature indicators, and smart labels, each
serving a specific purpose [3]. Overall, as technology advances and
sustainability and food safety become more important, intelligent food
packaging continues to develop. Consumers will be able to enjoy both
convenience and safety by using this type of packaging, while environ-
mental concerns are also addressed.

3. 2D nanomaterials: Structures, Properties, and synthesis

Among the diverse categories of nanomaterials, 2D nanomaterials
have emerged as a promising class with significant potential. Diverse 2D
nanomaterials, including graphene, GO, rGO, MXenes, and layered sil-
icate have shown considerable potential in intelligent packaging. The
molecular structure of these materials is shown in Fig. 2. Ultrathin 2D
materials possess a diverse set of unique properties that make them
exceptional materials within the field of nanomaterials. These nano-
materials, characterized by their high diameter-to-length ratio, exhibit
especially unique properties compared to their bulkier counterparts.
While certain properties can broadly be generalized, it’s critical to note
that not all ultrathin 2D nanomaterials will necessarily exhibit these
unique properties. High surface area is a defining characteristic
possessed by all types of 2D nanomaterials [23]. The remarkable flexi-
bility of 2D nanomaterials represents a highly valuable attribute,
particularly in the development of flexible electronics and sensors. Un-
like traditional semiconductor and metal-based strain sensors, which
tend to be brittle and rigid, 2D nanomaterials’ high flexibility makes
them an excellent choice for designing flexible sensors for intelligent
packaging [24]. Furthermore, 2D nanomaterials exhibit extraordinary
optical properties, fuelling extensive exploration in this field. These
unique optical characteristics become especially prominent when



S. Jafarzadeh et al.

Graphene

(b) ‘

Transition Metal

Carbon/ Nitrogen

Structure
Single Transition Metal

Chemical Engineering Journal 490 (2024) 151711

Reduced Graphene Oxide

M: Transition Metals
Surface Groups Bdeind s S euts pew

A-Layer Atoms

’ X: Carbon/Nitrogen

A-Layer Atoms

Tetrahedral Sheet
Octahedral Sheet

Tetrahedral Sheet

® s
® ALMg
o

“ OH

Fig. 2. (a) Different molecular structures of graphene-based materials useful for intelligent packaging. Reprinted with permission from [26]. (b)Various structural
forms of MXenes and potential elements have been employed in the production of diverse MAX phases. Reprinted (reproduced) with permission from [27], John
Wiley & Sons. (c) Structure of 2:1 layered silicate. Reprinted with permission from [28].

ultrathin 2D nanomaterials are reduced to a single or a few atomic
layers. Such distinctive optical attributes include plasmonic effects, light
sensitivity, emission, and absorption. Their susceptibility to external
environmental factors, coupled with their optical capabilities, has
generated notable interest in optical sensor advancement [25].

In addition to their optical capabilities, 2D nanomaterials have
exceptional mechanical strength and can tolerate high stress. For many
2D nanomaterials, Young’s modulus typically falls within the range of
150 to 400 GPa. Given these outstanding properties, 2D nanomaterials
are an excellent choice for enhancing composite properties when used as
nanofillers. Consequently, these extraordinary attributes have made 2D
ultrathin materials at the forefront of research in various fields,
including separations, sensors, membrane fabrication, and intelligent

food packaging.
3.1. Carbon-based 2D materials

Carbon-based materials have garnered a lot of interest in the field of
2D materials since the discovery of graphene. These materials have a
wide range of applications, including catalysis, adsorption, and elec-
trical energy storage. The porous structure of these carbon-based ma-
terials plays a crucial role in determining their properties [16]. Carbon-
based 2D materials, such as graphene and its derivatives (i.e., GO and
rGO), have attracted significant attention for their potential applications
in intelligent food packaging.
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3.1.1. Graphene

The isolation of graphene from graphite in 2004 marked the begin-
ning of the real exploration of 2D nanomaterials and a significant
milestone in materials chemistry. It reinforced the theory that materials
when engineered into single or few-atom-thick layers can exhibit
exceptional performance across various applications. Consequently, the
investigation of 2D nanomaterials commenced, leading to the intro-
duction of several new 2D materials, both through experimentation and
theoretical exploration [29].

Chemical Engineering Journal 490 (2024) 151711

Due to its remarkable properties, graphene has been studied exten-
sively since its discovery [30-33]. These include an up to 2600 m2/g
theoretical surface area, 4840-5300 W m ™! K~! thermal conductivity,
up to 130 GPa tensile strength, 1000 GPa elastic modulus, and 200,000
em? V™! 571 electron mobilities. It is made up of hexagonally arranged
carbon atoms that are arranged in a plane that is one atom thick, where
the carbon atoms are sp2 hybridized and bonded together [34] (Fig. 2a).
Graphene is effective in the field of intelligent food packaging, where it
enhances its barrier, thermal, and mechanical attributes. Moreover, like

Table 1
Summary of research involving the synthesis of graphene and graphene derivatives from diverse carbon-based .
Source Method and conditions Graphene type Remarks References
Gases
Methane Graphene was produced on a copper foil using plasma- Single layer graphene High quality graphene [43]
(CHy) enhanced CVD, without the presence of an H, flow.
Graphene was produced in a continuous manner in the Few layer graphene High purity graphene with the yield of more than 2 g/h  [44]
gas phase through a one-step pyrolysis process using
methane. This was accomplished using an alternative-
current arc plasma, under atmospheric conditions and
without the need for a substrate.
Methane was decomposed on MgO above 778 °C during ~ Graphene mesosponge The graphene mesosponge derived from MgO possesses  [45]
CVD process. (consisting mainly of a unique set of characteristics, including a large surface
single layer graphene area, well-developed mesopores, and high resistance to
walls) oxidation. Additionally, it exhibits significant softness
and elasticity, a very low bulk modulus of 0.05 GPa, and
the ability to undergo a reversible liquid-gas phase
transition when subjected to force.
A group of Fe-Mo-Mg catalysts were tested for their Graphene nanosheets High quality graphene nanosheets [46]
effectiveness in synthesizing hybrid materials composed
of graphene nanosheets and carbon nanotubes. This was
accomplished through the use of methane CVD.
co Al,S3 was calcined under a mixed gas flow of CO and Ar. ~ Few layer graphene sheets = The sheets were transparent [47]
CO Burning magnesium metal in dry ice Few layer graphene High yield graphene [48]
nanosheets
CVD; copper foils; 1060 °C Few layer graphene This approach allows for the production of graphene [49]
films without the use of elemental hydrogen. The
resulting graphene layers are of higher quality
compared to those produced using conventional CVD
processes that rely on a combination of hydrogen and
methane.
Liquids
Methanol, CVD; copper foils; 850 °C; 5 min Single layer graphene High quality graphene [50]
ethanol,
propanol
Benzene CVD; copper foils; > 825 °C; 30 min Single layer graphene High quality graphene [51]
Hexane CVD; copper foils; 1000 °C; 15 min Few layer graphene The approximate number of layers was calculated to be [52]
11.
Toluene Graphene flakes were produced through the process of Single layer graphene In the presence of graphene, toluene was observed to [53]
micromechanical cleavage of natural graphite. These function as an electron donor, transferring electrons to
flakes were then positioned on a silicon substrate that the graphene.
had been heavily doped and coated with a layer of silica
that was 300 nm thick.
Solids
Camphor Layers of graphene were deposited onto a copper foil Few layer graphene Fully flexible transparent electrode was fabricated by [54]
using a microwave surface-wave plasma CVD process. the graphene film.
This was accomplished at a relatively low temperature,
below 600 °C.
Alfalfa shoots The dried alfalfa shoots were shaken in 2.5 M HNO3 at Graphene sheets The final product was found to be pure and well- [55]
70 °C for 300 min. graphitized.
Rice husk Graphene nanosheets were produced through a process Ultrathin graphene A sustainable electrochemical energy-storage electrode  [56]
that involved the carbonization of brown-rice husks. This ~ nanosheets was developed by the graphene nanosheets.
was followed by a one-stage activation process using
potassium hydroxide (KOH).
Tea waste The tea waste was first dried and then carbonized at a GO and rGO The graphene oxide (GO) that was obtained has shown [57]
biomass temperature of 650 °C in an argon atmosphere. The great potential for the degradation of various pollutants
resulting carbonized sample was then oxidized to in water.
synthesize graphene oxide (GO). To produce reduced
graphene oxide (rGO), the sample was heated at 250 °C
for 30 min in an argon gas atmosphere.
Cane molasses Graphene was synthesized by introducing pure graphite = Few layer graphene The graphene synthesis was green, simple, easily [58]

into a solution of molasses and subjecting it to sonication
via a probe, while gently stirring at room temperature for
a duration of 3 h.

scalable, fast, and highly efficient.

Sources
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several other 2D materials, graphene exhibits potent antibacterial
properties due to its capacity to interact with cell membranes and absorb
phospholipids [35-37]. Consequently, certain polymer-graphene nano-
composites demonstrate strong antibacterial activities. Additionally,
graphene finds applications in producing preservative emitters and
innovative devices for intelligent packaging, capitalizing on its high
surface area and excellent electrocatalytic capabilities [38]. In this re-
gard, graphene has also been used to develop sensors that can detect
food spoilage. These sensors can monitor changes in pH, temperature,
and gas composition within the food package, providing an early
warning system for spoilage before it becomes visible [39].

Graphene can be synthesized from various carbon-based sources,
including gases, liquids, and solids (Table 1). The most common process
for creating graphene is chemical vapor deposition (CVD) because it can
continuously deposit a high-quality graphene film over various transi-
tion metals that are used as catalysts. The hydrocarbon source is
decomposed on the metal surface during the CVD process to create the
layers of graphene. There are two distinct graphene growth mecha-
nisms: surface and segregation ones, depending on the transition metals
used. Graphene layers begin to form on the surface of metals with low
carbon solubility as soon as the hydrocarbon source decomposes. The
growth of these layers ceases when the flow of the hydrocarbon source is
stopped. For metals that have a high solubility for carbon, the segre-
gation growth mechanism is observed. This process begins when the
concentration of carbon atoms in the bulk metal reaches a certain level,
and nucleation takes place while cooling. When there is an excess of
diluted carbon atoms, they move towards the metal surface. This causes
the carbon atoms to segregate and form graphene. This process con-
tinues until the carbon concentration in the metal decreases to an
equilibrium level. This happens even if the supply of hydrocarbons has
been stopped, unlike the surface growth mechanism [40,41].

Methane (CH4) stands as one of the extensively utilized gaseous

a
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precursors in the development of graphene films and is a prevalent
source of carbon in the CVD process. Moreover, gases that encompass
carbon, such as CO and CO,, have been employed in the fabrication of
graphene (Table 1). Nickel (Ni) and Copper (Cu) are commonly chosen
catalysts for graphene synthesis due to their substantial grain size, cost-
effectiveness, and etching capabilities. The ability of carbon to dissolve
easily allows both single-crystalline Ni(111) and polycrystalline Ni to
produce graphene. Large graphene films are also produced using readily
available polycrystalline Ni foil. Although the thicknesses and number of
layers of the graphene made from polycrystalline Ni are always found to
vary (Fig. 3). Lattice steps are abundant in polycrystalline Ni, which has
a lot of grain boundaries. These lattice steps are where the majority of
multilayer graphene is created. This is as a result of the grain edge’s
curvature, which enables carbon to gather in these places and results in
the nucleation of multilayer graphene, as depicted in Fig. 3b. On the
other hand, the smooth surface of single-crystal Ni(111) promotes the
nucleation of monolayer graphene, as shown in Fig. 3a [42]. Due to
polycrystalline Ni’s high carbon solubility, multilayer graphene always
forms on this material.

The mechanism of graphene nucleation and extension catalyzed by
Cu is different from other transition metals. It has been proposed that a
chemisorption/deposition or surface growth approach is used. Since
carbon does not dissolve very well in the bulk of copper, it can be
inferred that the process of carbon mobility is entirely surface-based. Cu
also has a lower barrier to carbon atom diffusion than other transition
metals, which gives it a unique catalytic function [41].

The synthesis of graphene has also been achieved through the use of
liquid precursors such as benzene, toluene, xylene, hexane, ethanol,
methanol, propanol, and different natural carbon-bearing precursors
(Table 1) [34,53,59]. For instance, researchers reported layer-by-layer
CVD growth of graphene on templates made of mechanically exfoli-
ated graphite crystals [60]. They used a custom-built CVD apparatus

Fig. 3. The diagrams illustrate the mechanism of graphene growth on (a) Ni (111) and (b) polycrystalline Ni surfaces, along with the corresponding optical images of
graphene/Ni (111) and graphene/polycrystalline Ni surfaces after the CVD process. Reprinted with permission from [58].
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with three independently controlled temperature zones and ethanol as
the carbon feedstock. The authors claim that employing multiple tem-
perature zones in CVD processing may offer greater control and wider
temperature windows, making it better suited for graphene layer
growth. In this context, the ethanol thermal decomposition and the
growth of graphene typically occur at temperature ranges of 870-900 °C
and 680-740 °C, respectively. The authors have presented a diagram
that illustrates their proposed theory on how graphene grows on gra-
phene templates (Fig. 4). Their hypothesis states that the carbon species
created by the thermal breakdown of ethanol fall onto the graphene
flakes and spread out over the surface (Fig. 4a). On the surface of pre-
existing graphene flakes, new graphene nuclei are formed, as shown in
Fig. 4b. It is clear from the shape and size of the graphene flakes formed
after CVD that the edge sites of the original graphene flakes are not
active for graphene growth. The graphene nuclei undergo rapid lateral
expansion, resulting in the formation of a new layer of graphene, as
depicted in Fig. 4c. The growth of graphene on the sides must happen
much faster than the formation of new graphene nuclei. This is because
even layers of graphene were observed on the terraces without multiple
nucleation formation. This means that the formation of new particles
(nuclei) is what controls the speed of the graphene growth. As new
terraces are created, more graphene nuclei form, and the growth con-
tinues layer by layer (Fig. 4d).

A variety of solid materials can be used to create graphene by
decomposing at high temperatures (as shown in Table 1). Ruan et al.
(2011) used a variety of materials, including food, insects, and waste, as
the carbon source to create monolayer graphene [61]. Some of the
materials they used included cookies, chocolate, grass, plastic, dog feces,
and roaches. By heating these materials to 1050 °C in a hydrogen/argon
flow on a copper foil, they were able to produce a high-quality graphene
film (Fig. 5A, B). The Raman spectrum of these films did not show sig-
nificant disorder (D) bands, indicating that there were very few defects
present. Additionally, the large ratio of the 2D band to the G band
suggested that the graphene produced was a monolayer film [61]. Since
the CVD growth of high-quality graphene requires a nearly oxygen-free
environment or high-vacuum base pressure, a long pumping and/or
purge time is needed to evacuate the air in the chamber [62]. In addition
to the CVD techniques, graphene can be synthesized with various
techniques which can be greener and much simpler. Pyrolysis coupling
with hydrothermal carbonization pretreatment was utilized to synthe-
size graphene from fungus. The dried fungus (Auricularia) underwent

(@) (b)
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hydrothermal pretreatment in KOH (120 °C, 6 h), followed by freeze
drying and activation under N3 in a tube furnace (800°C, 1 h) (Fig. 5C).
This method led to densely porous graphene-like carbon materials with
10 nm in thickness [63]. As another green method, microwave plasma
irradiation was employed for nanocarbon growth from rice husk. In this
method, rice husk was placed on a homemade nickel case located on a
stage. The nickel foil was irradiated to produce the nickel atoms, which
tend to aggregate with each other by reducing surface energy, resulting
in the formation of nickel clusters. The resulting nickel clusters with
irregular shapes in the usual 30-150 nm size initiated and accelerated
the graphitization process by assembling carbon radicals into graphene
surrounding the nickel clusters. The nickel cases were covered by a soot-
like appearance which included ball- and fibre-like materials. This
technique generated carbon nanotubes and graphenated carbon nano-
tubes beside the graphene (Fig. 5D) [64]. It could be also noteworthy
that a large amount of bio-waste from animal and agricultural sources is
discarded into the environment annually. Despite being biodegradable
and produced in large quantities, these wastes can be used as precursors
for graphene production, adding value to their consumption and
expanding their potential applications (Table 1).

3.1.2. Graphene oxide (GO)

Graphene oxide, or GO, is a material that is derived from graphene. It
is created through a two-step process that involves the chemical
oxidation of graphite using strong acids, which produces graphite oxide.
The graphite oxide is then exfoliated into single layers through either
stirring or mild sonication, which is a mechanical process [65,66]. GO is
therefore a layer of carbon that contains several oxygen functional
groups, including carboxylic, hydroxyl, and epoxy. These functional
groups are located on the basal planes and edges of the GO layer. As a
result, the structure of GO is a hybrid of sp? and sp® configurations [67].
The proposed structure of GO is depicted in Fig. 2a.

The high level of oxygen has been shown to be very beneficial for
chemically altering or adding functionality to other molecules. This al-
lows it to be dispersed in various matrices, resulting in the creation of
nanocomposites with intriguing properties [68]. GO preserves
numerous graphene properties, yet it offers the advantages of being
more cost-effective and simpler to produce at scale. This ease of pro-
duction and processing is attributed to its superior solubility in various
solvents. The chemical exfoliation of graphite in an oxidative environ-
ment leads to stable aqueous suspensions of GO [36]. GO acts as an

Heg

(c) (d)

Fig. 4. A diagram that shows the step-by-step process of how graphene grows layer by layer using CVD with ethanol as the .

Source material. Reprinted with permission from [60]
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Sources. (A) Schematic of the experimental setup designed for synthesizing graphene from various sources such as food, insects, or waste within a tube furnace. A
copper foil containing the carbon source is placed within a quartz boat and situated within the high-temperature region of the tube furnace. The growth process is
conducted at 1050°C under reduced pressure by a flow of Hy/Ar gas. The high-quality graphene is produced on the underside of the copper substrate. (B) Process of
graphene synthesis utilizing a cockroach leg including placement of a single cockroach leg atop the copper foil (a), applying of vacuum conditions to the roach leg (b)
and residue remaining after subjecting the roach leg to annealing at 1050°C for 15 min. Reprinted with permission from [61][63][64]

areas. GO functionalized with folic acid was employed as a humidity
sensor within the chitosan-polyvinyl alcohol (PVA) matrix. This func-

insulator because of the presence of defects and oxygen groups that
separate the sp2 regions. It has excellent photoluminescence properties,

making it ideal for use in bio-sensing and photoelectronics. GO can also
be applied in composites, drug/gene delivery, sorption materials, and
energy storage. The thin films of GO can be easily produced by filtration
or drop-casting, forming membranes that are highly permeable to water
molecules but impermeable to other molecules and even atoms such as
nitrogen and oxygen [66,69]. In GO membranes, water transportation is
influenced by the interaction between oxygen groups and water mole-
cules. The oxygen groups in the hydrophilic domains interact strongly
with water molecules, impeding their momentum, while the hydro-
phobic sp? patches accelerate them [66].

GO nanoplatelets have garnered significant attention for humidity
and gas sensing, as well as semiconductor photocatalyst material owing
to their distinctive chemical composition and expansive specific surface

tionalization an augmentation of the D-spacing distance within GO
nanosheets (from 7.39 to 9.36 10\), indicating the infiltration of folic acid
between their stacked layers. The sensing mechanism delineated the
chemical interaction between water molecules and the sensor surface at
a low moisture level. While at the higher moisture content, it revealed
the generation of hydronium ions through the physisorption of the water
molecule onto the chemisorption layer. The integration of reactive sites
present in folic acid (COOH, NHj,, and NH) significantly enhanced the
sensing efficacy of GO. Additionally, this incorporation bolstered the
tensile strength of the sensor matrix (from 38 to 70 MPa) and introduced
antibacterial properties against both gram-positive and gram-negative
bacteria [70]. Furthermore, GO found application in enhancing the
physio-mechanical and thermal attributes of intelligent packaging
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systems. For instance, GO (synthesized from graphite with sulfuric and environment, catalysis, optoelectronics, and storage devices. The rGO
phosphoric acid) incorporated into a matrix comprising soybean poly- not only has good absorption properties across the entire spectrum, with
saccharides and grape skin anthocyanin served as a colorimetric pH even a single layer capable of absorbing a significant amount of light in
indicator for monitoring Salamon fish spoilage. Characterization of GO the visible and near-infrared range, but it also has functional groups that
morphology revealed singular layers of nanosheets with specific thick- allow it to be dispersed in various solvents. However, it is important to
ness of 1.2-1.5 nm and lateral dimensions of less than 1 ym, along with note that rGO tends to clump together during the reduction process, so
notable transparency and flexibility (Fig. 6). Integration of GO into the much research is focused on not only reducing but also stabilizing rGO
packaging film mitigated weaknesses attributed to anthocyanins, while using different methods [72]. In recent years, the development of
simultaneously enhancing mechanical and thermal properties, and nanotechnology has led to the frequent use of rGO nanocomposites in
reducing the water sensitivity of the indicator [71]. the construction of electrochemical biosensors. This is due to their

unique physical and chemical properties, as well as their biocompati-
4. bility. Combining rGO nanocomposites with biomolecules that have

specific recognition capabilities provides a promising approach for
creating more stable and sensitive electrochemical biosensors for

4.0.1. Reduced GO (rGO) detecting different factors and foodborne pathogenic bacteria [73]. As
an example of rGO application in intelligent packaging for sensing the
For some practical uses of GO, such as when it needs to be incor- pressure applied to a product during transportation or preservation, an
porated into a hydrophobic polymeric matrix, a reduced form may be rGO-based pressure sensor was developed. In this study, the rGO aerogel
more appropriate. GO can be reduced to rGO through various methods sensor was fabricated in combination with aramid nanofiber (ANF) and
including chemical, thermal, photo-chemical, photo-thermal, micro- polyaniline nanotube (PANIT). GO was employed to synthesize the rGO
wave, or microbial/bacterial. This reduction can partially or completely during the aerogel preparation through thermal treatment and freeze-
restore the hybridized sp? configuration of the material, bringing it drying approaches. The composite gels were formed through the
closer to the graphene configuration (Fig. 2a) [36]. The rGO has prop- strong interactions between PANIT, rGO, and ANF. The final aerogel
erties similar to those of pristine graphene in terms of mechanics, op- sensor showed good mechanical strength, compressibility, and high
toelectronics, and conductivity. This is due to its heterogeneous conductivity with high sensitivity (1.73 KPa™), low detection limit (40
structure, which consists of a graphene-like basal plane with additional Pa) in a short time as well as high compressive cycle stability (3000
structural defects and areas containing oxidized chemical groups. These cycles) [74] (Fig. 7).

graphene-like properties make rGO a highly sought-after material for
use in a wide range of applications, including sensors, biology, the

Height (nm)
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Fig. 6. TEM and atomic force microscope (AFM) analysis of morphology and microstructure of GO synthesized from graphite for utilization in colorimetric PH
indicator based on soybean polysaccharides and grape skin anthocyanin. TEM image shows flexible and transparent GO sheets with a few wrinkles on their surface
(a). AFM image of several GO sheets and its 3D topographical micrograph (b, c). and the height chart of GO nanosheets (d). Reprinted with permission from [71].
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Fig. 7. Left side;(a) photographs of rGO-based gels obtained through different combinations; polyaniline nanotube (PANIT) compared to the polyaniline nanoparticle
(PANI) could interconnect the adjacent graphene sheets to significantly reinforce the composite gels. (b) the more solid and brittle rough surface of rGO/ANF/PANIT
hydrogel using the H>O system compared to gel in the DMSO system resulted in a smaller volume of larger density. (c) Analysis of the compression and recovery
dynamics of rGO/ANF/PANIT aerogels produced through the DMSO system. (d) Presentation of the compressive stress—strain profiles for both rGO/PANIT and rGO/
ANF/PANIT aerogels fabricated via the DMSO system (e) Examination of compression profiles for rtGO/ANF/PANIT aerogels at various strain levels. Right side;
Sensitivity characteristics of the rtGO/ANF/PANIT aerogel pressure sensor: (a) I — V curves under different pressures. (b) Variation in relative current with increasing
pressure. (c) Current variation under constant pressure at different strain levels. (d) Current variation under constant pressure at a compression strain of 10 % (e)
Stability assessment of sensing properties at 10 % strain, (f) Response of LED luminance variation (at 2 V) with and without pressure (0.7 kPa) applied to the rGO/

ANF/PANIT aerogel sensors. Reprinted with permission from [74].

4.1. Mbxenes-based 2D materials

In recent years, there have been significant advancements in syn-
thetic techniques, leading to the successful production of an increasing
number of 2D materials beyond graphene. One of the most notable is a
large family of 2D early transition metal carbides and/or nitrides, known
as ‘MXenes’, which has quickly gained popularity [75-78]. MXenes are
primarily produced by etching the A layers from MAX phases. The MAX
phases are ternary carbides or nitrides that have a general chemical
formula of M, ;1AX;. In this formula, M represents an early transition
metal, A is an element from group IIIA or IVA, X is either C or N, and n
can be 1, 2, or 3. MAX phases have a layered hexagonal structure, where
the M;;1X, units and the A layers are stacked alternately. The bonds
between the M and X elements are highly stronger than the bonds be-
tween the M and A elements. This allows for the selective removal of the
A layers through a process called chemical etching, without damaging
the M—X bonds. As a result of the chemical etching process, the M, 1X,
layers are weakly bonded and can be easily separated using sonication.
Accordingly, the 2D materials that are produced through this process are
known as MXenes. This name emphasizes the removal of the A layers
from the original MAX phase, as well as their similarity to graphene in
terms of their 2D structure. It’s important to note that during the etching
process, the surfaces of the M;.1X, units are always covered with
functional groups such as oxygen (=0), hydroxyl (-OH), or fluorine
(—F). As a result, the chemical formula for MXenes can be summarized
as My 1X, Ty, where T, represents the surface functional groups (Fig. 1b)
[791.

MXenes are typically produced through a three-step process, as
shown in Fig. 8. The first step in producing MXenes involves synthe-
sizing layered MXene precursors, which derive their crystal structure

from MAX (Mp;1AX,) or non-MAX phase layered materials. In MAX
materials, “A” refers to group 11-16 atoms such as Al, Si, or Ga. Non-
MAX phase layered materials can have more than one “A” atomic
layer (e.g., My 11A2X,) or carbide layers of A-elements (e.g., MpA3Xy (2).
In the second step of producing MXenes, the “A” atomic layers are
etched away, which exfoliates the precursors and produces weakly
bonded MXene multilayers. During the etching process of the “A” atomic
layers, the weaker M—A bonds are cleaved, relative to the M—X bonds.
This results in undercoordinated M metallic surfaces that are rapidly
saturated again through a reaction with Ty species from the etchant. In
the third and final step of producing MXenes, the exfoliated multilayer
MXene sheets are delaminated to produce single-to-few layered MXene
sheets [80].

MXene sheets are typically created using top-down methods. This is
due to the fact that the bonds between the M and A elements are rela-
tively weak, while the bonds between the M and X ones are strong.
During this process, the A layers are removed by using solutions con-
taining either HF or HCl, which break the M—A bonds without affecting
the M—X bonds [81]. Two common types of etchants used to produce
MXene sheets are HF or their salts and LiF-HCI solutions (Table 2).
Strong etchants, such as HF and their salts, tend to introduce fluorine
functional groups and produce small flakes with many defects. On the
other hand, mild etchants containing LiF and HCI create fewer fluorine
groups and have a smaller number of defects [82]. The M 1X, layers
that remain after the chemical etching process can be further separated
into nano-sheets through a process called exfoliation [81]. Indeed, the
MAX phase is composed of multiple layers of sheets. When etched, the
thickness of the exfoliated layers varies, typically within the micron-
scale range. Consequently, the exfoliated MXene nanosheets display
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Fig. 8. The synthesis of MXenes involves several steps, with the etching of Ti3AlC, MAX phase to produce TizC;Tx MXene being used as an example. The first step in
the process is the synthesis of precursors such as MAX (M, 1AX;,) and non-MAX (M,,;1A2X;,) phase layered materials (1). Non-MAX materials can contain more than
one layer of “A” atoms, such as Mo,Ga,C, or an aluminum carbide layer between the MXene sheets, such as Al4C4 layers between Hf3C; MXene sheets in Hf3Al4Ce.
MAX phase materials can contain more than one “M” metal element, represented as M' and M’’. These elements can be either structurally ordered, with M' and M"’ as
distinct atomic layers, or disordered solid solutions, with M' and M’ randomly distributed on the metal layers. In the second step of producing MXenes, the MXene
precursors are etched to remove the “A” metal layers (2). This process exfoliates the precursors and yields weakly bonded MXene multilayers. In the third step, these
multilayers are delaminated to form single sheets (3). In each row of the images, the SEM images are displayed on the left side, while the atomic resolution cross-
sectional scanning TEM images are shown on the right side. For the Ti3C,Ty single flakes shown in the bottom row, a plane-view TEM image is displayed on the right

side, instead of a scanning TEM image. Reprinted with permission from [80].

Table 2

MXenes synthesized from various precursors and etchants.
MXenes Precursors Etchants References
TizCoTy Ti5AlC, HF [88]
TipCTy Ti,AlC HF [89]
TioNT, Ti,AIN HF [90]
TigCNTx TizAICN HF [91]
Zr3CoT, Zr3Al3Cs HF [92]
TisCoTx TisAlC, HF [93]
TigCoTy Ti3AlC, HF [93]
Mo,CTy Mo,GasC LiF + HClL [94]
V,CTy V,AIC NaF + HCl [95]
TigN3Ty Ti4AIN; LiF + KF + NaF [96]
TisCNTy TizAICN LiF + HCl [97]
TizCaTy TizAlC, NH4HF, [98]
TisCoTx TizAlC, NaOH [99]

good transparency. It could be also noteworthy that LiF, KF, NaF,
NH4HF,, and NaOH, have been explored as alternatives to remove the A
layers. These etchants are used to avoid the hazardous nature and strong
corrosion of hydrogen-based acids [83]. Some bottom-up methods, such
as CVD method, have also been developed to produce MXene sheets.
These methods allow for control over the size and shape of the particles,
as well as the tribological properties and defects of the sheets [84-86].
One of the 2D MXenes that has been studied the most is Ti3CyTy. It is
produced by etching the Al layers in Ti3AlCy, followed by exfoliation
[87].

10

MXenes offers two points for compositional changes: swapping ele-
ments at both the metal (M) and carbon/nitrogen (X) locations provides
potential avenues to adjust MXenes’ chemical, optical, electronic, or
mechanical traits. In a study, the electronic and optical attributes of
three interconnected binary solid-solution MXene combinations
centered on Ti, Nb, and/or V in the MXTy configuration were investi-
gated [100]. This research introduced ways to manipulate the physical
attributes of various MXenes through endless compositional possibilities
in the M—site solid solutions. These systems formed consistent solutions
at the M—site (Fig. 9a) and aim to understand the connection between
composition and the MXenes’ structural, electronic, and optical attri-
butes. To comprehend the link between composition and electronic
configuration, they employed DFT evaluations and X-ray Absorption
Spectroscopy (XAS). Absorption readings were taken in the 200-1000
nm range, and electrical resistance was gauged from 10 to 300 K for each
system. This research showed the potential to create countless new
MXene combinations by altering the transition metal. This alteration
offered enhanced control over MXene characteristics, making them
adaptable for specific uses, such as blocking electromagnetic interfer-
ence, storing energy, sensing applications, or color-changing films. The
Ti; 2VogCTx was used as a representative to illustrate the crystal
configuration and elemental layout. A 2D flake, transparent to electron
beams, is visible in Fig. 9b. The hexagonal symmetry of the layers, with
no noticeable lattice changes, was evident in the Fourier-filtered dark-
field STEM image of the flake (Fig. 9¢). The cross-sectional view of the
flake revealed two bright layers, representing two metal layers, high-
lighting the M—C—M formation (Fig. 9d). Detailed EDS mapping
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Fig. 9. Analysis of M/2_yM”yCTx MXenes in a solid-solution state. (a) A triangular representation of Tiz.yNbyCTy, Tiz.,VyCTx, and V,.,Nb,CT, highlights the consistent
solid solutions of M,C-type MXenes. The dual arrows depict the color transition in MXene films as the M—site composition varies. The small images display the atomic
layouts of these MXenes, indicating the metal element sequence used for DFT studies. (b) A STEM snapshot of a Ti; 5V sCTx MXene fragment, revealing its typical
dimensions and form. (c) A refined dark-field STEM view of a Ti; 5V gCTy fragment along the [001] directional axis. (d) A side-view STEM capture of a Ti; 5V gCTx
fragment, highlighting two bright atom layers (Ti/V layers). (e, f, g) STEM EDS maps of a Ti; 5V gCTy MXene, demonstrating the scattered placement of Ti and V. (h)
XRD traces of all the MXene films examined, indicating the separated layers. (i) Raman readings of all MXene films, showcasing vibrational shifts with changing
compositions. (j) The deduced lattice dimensions of pure M',,M",C MXenes, aligning closely with their respective MAX phase counterparts. Reprinted (reproduced)

with permission from [100], Copyright 2020, American Chemical Society.

displayed an even spread of Ti and V atoms, confirming the sporadic
placement of metal components (Fig. 9e-g). Both Tiz.yNbyCTy and Tiy.
yNbyCTx MXenes possessed a crystal structure and elemental layout akin
to TipyVyCTy. EELS assessments of TiyyVyCTy confirmed that the
M—element composition aligned with the original Tis.yVyAIC, and the
elements were uniformly distributed. The DLS of Tiz.;VyCTy flakes
indicated an intensity distribution average ranging from 140 to 520 nm.

MXenes has gained attention in food packaging due to their
impressive properties. The combination of MXenes’ inherent qualities
and the crucial characteristics needed in packaging materials is what
makes them a promising alternative. For instance, TizCo; MXene exhibits
Young’s modulus of approximately 333 + 30 GPa, ranking among the
highest for solution-processable 2D nanomaterials [101]. They are often
integrated as fillers into polymers to enhance their mechanical proper-
ties and thermal stability [102,103]. The available functional groups on
the MXenes’ surfaces (O, OH, and/or F groups), provide them with
excellent hydrophilicity. This characteristic makes them compatible
with certain polymers commonly used in food packaging, which exhibit
strong hydrophilic properties and feature numerous hydroxyl groups in
their molecular structures.

In a study for the fabrication of an MXene-based sensor for ammonia
(NH3) sensing, the incorporation of gold nanoparticles (AuNPs) and
core-shell nanoparticles of AuNPs with polyaniline (AuNPs@PANI)
enhanced the sensing performance of the MXene sensor. TizC2Tx MXene
nanosheets were synthesized through the etching and exfoliation pro-
cess of the TizAlCy; MAX. The electrode-based-sensor based on MXene
and AuNPs@PANI composite (MXene/AuNPs@PANI) was fabricated by
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low-temperature ultrasonication (Fig. 10a). The outer layer of coated
AuNPs was homogeneous with 21 nm diameter and core-shell AuNP-
S@PANI showed an integrated distribution in MXene (Fig. 10b and c). In
the sensing process, MXene nanosheets showed several adsorption sites
with ammonia molecules via surface functional groups (O, F, OH
groups). PANI, as a p-type semiconductor, had high gas adsorption sites
and high specific surface area. The incorporation of AuNPs promotes a
more uniform dispersion of PANI and effectively modifies the gas
adsorption rate while accelerating electron transfer. Whereas, with the
introduction of AuNPs@PANI, more adsorption sites for ammonia were
exposed owing to PANI’s excellent ammonia sensing performance
(Fig. 10f) [104].

4.2. Silicate-clay-based 2D materials

2D clay nanoparticles, comprising layered silicates also known as
aluminum phyllosilicates with dimensions typically ranging from 10 to
100 nm in diameter and approximately 1 nm in thickness. These silicates
contain metal oxides such as alkali earth metals, alkali metals, calcium,
and other metal oxides. In addition, clay contains a small amount of
organic elements [105,106]. Clay platelets represent 2D crystalline
structures known for their remarkable strength, in-plane modulus, and
distinctive structural anisotropy. These platelets occur naturally and can
be widely found as layered nanosheets within soil mineral deposits.
Utilizing clay platelets as a substitute for synthetic material components
holds the potential to significantly support sustainable development—a
feat that may not be possible for many other nanoparticles [107].

Clay ingredients can be classified into two types based on the
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Fig. 10. Fabrication and analysis of the MXene/AuNPs@PANI sensor. (a) Synthesis of Ti3C;Tx MXene, gold nanoparticles (AuNPs), core-shell AuNPs with poly-
aniline (PANI), and MXene/AuNPs@PANI composite. (b, ¢) TEM and SEM images of MXene/AuNPs@PANI composite. (d) UV-Vis absorption spectra comparison of
AuNPs, AuNPs@PANI, and MXene/AuNPs@PANI. (e) Evaluation of sensor responses among three variants: MXene alone, MXene/AuNPs, and MXene/AuNPs@PANI.
(f) mechanism of ammonia sensing of MXene-based sensor. Reprinted with permission from [104].

arrangement of the alternating sheets of “SiOy” and “AlOg” units. The
first type is 2:1 clay, which includes smectite and vermiculite. The sec-
ond type is 1:1 clay, which includes kaolinite. Smectite clay minerals
have a high aspect ratio due to their unique ability to intercalate and
exfoliate. This makes them particularly effective as reinforcing fillers for
polymers. Montmorillonite is one of the five major members of the
smectite group of clay minerals, and it has a wide range of uses [28].
Montmorillonite clay is composed mainly of silicate layers that are 2:1 in
ratio and only 1 nm in thickness. These layers consist of an alumina
octahedral sheet that is sandwiched between two tetrahedral sheets of
silica, with oxygen atoms being shared between them, as illustrated in
Fig. 2¢. Sodium and calcium ions are also present within the gallery or
interlayer [108]. Clay materials that have a 1:1 structure are not
commonly used in the creation of polymer nanocomposites. This is due
to their inability to effectively intercalate and exfoliate, or because they
are challenging to separate into individual layers. Due to the high charge
density, the layers are packed tightly together, making it difficult or
impossible for interlayer positive ions to hydrate or for polymer chains
to penetrate the layers [28].

The hydrophilic nature of the clays and the covalent bonds that exist
between the interlayers of the clay layers prevent most polymer matrices
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from reacting with or dispersing the clays. Additionally, electrostatic
forces tightly hold the clay layer stacks together. In order to overcome
this difficulty, clay particles are altered before being mixed into polymer
matrices. The modification process involves the insertion of surfactants
between the layers of clay, which increases the distance between them.
By making certain changes, it is possible to make clay minerals repel
water, allowing the modified clay to disperse very finely within polymer
materials. The integration of silicate layers into organic and hybrid
coatings can be accomplished by modifying clay particles with organic
molecules that have two or more charged functional groups. This
modification causes the clay particles to become “coated” with charges,
leading to a repulsion between them. These particles can be easily
dispersed in coating systems and bulk materials. Using colored modi-
fiers, such as methylene blue, on the clays can result in colored nano-
composite coatings that have improved resistance to ultraviolet (UV)
light and solvents [109]. This review does not cover a detailed expla-
nation of the modification methods, their mechanisms, and the prop-
erties of the modified clays. For more information, readers can refer to
the excellent review by researchers [105]. Such nanoparticles, prevalent
in smart packaging and biomedical applications, demonstrate high drug
loading capacity, aqueous stability, shear thinning behavior, and
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improved interactions with biomaterials and cells [110].

5. Cutting-edge applications of 2D nanomaterials in the field of
intelligent packaging

The utilization of 2D nanomaterials in intelligent packaging is a
swiftly evolving domain that offers substantial potential for augmenting
the functionality, safety, and sustainability of packaging materials.
These nanomaterials, such as black phosphorus, graphene, GO, transi-
tion metal dichalcogenides (TMDs), and MXene, possess exceptional
properties that make them ideal candidates for various applications in
intelligent packaging [111,112]. By integrating sensors based on 2D
nanomaterials into packaging materials, it becomes possible to monitor
and track parameters such as temperature, humidity, gas concentration,
and freshness of the packaged contents. This enables real-time infor-
mation about the condition of the products and helps in maintaining
optimal storage conditions [113,114]. Intelligent packaging with 2D
nanomaterials can also incorporate indicators that provide visual cues
about the quality or freshness of the packaged contents. These indicators
can change color or display patterns in response to specific stimuli,
allowing consumers to assess the quality of the products before pur-
chasing [115]. Furthermore, labels and tags based on 2D nanomaterials
offer enhanced functionalities such as wireless communication, anti-
counterfeiting measures, and interactive features for consumers. They
enable access to detailed product information, verification of authen-
ticity, and personalized offers, improving consumer engagement and
product traceability [116]. The versatility of 2D nanomaterials, coupled
with their unique properties, opens up a wide range of possibilities for
intelligent packaging applications. Ongoing research and development
in this field hold the potential to revolutionize the packaging industry,
leading to smarter, more efficient, and sustainable packaging solutions
that benefit both consumers and the environment.

5.1. Sensors

One of the significant applications of 2D nanomaterials in intelligent
packaging is the development of sensors. These sensors play a crucial
role in monitoring and tracking of various parameters within the
packaging environment [8,117]. By integrating sensors based on 2D
nanomaterials, packaging can offer instantaneous updates regarding the
state of the packaged contents. 2D material-based sensors can be fabri-
cated to detect various changes within the package such as alternations
in pressure, temperature, pH, gas, and humidity as well as bacteria and
their metabolites produced during spoilage of food products or other
analytes.

Chen et al. (2016) introduced a humidity sensor using a passive
microwave substrate-integrated waveguide (SIW) resonator, which
incorporated black phosphorus as a sensitive layer [118]. The sensor
exhibited a remarkable sensitivity of 197.67 kHz/%RH, indicating its
ability to accurately detect and respond to changes in humidity levels.
This level of sensitivity is roughly 40 times higher than that observed in
the SIW resonator without the presence of any sensing material. The
findings indicated that the integration of a black phosphorus sensing
layer into an SIW resonator could considerably improve the sensor’s
sensitivity to changes in humidity. Importantly, the use of black
phosphorus-sensitive layers for sensor improvement resulted in only a
marginal rise in dielectric losses. The suggested method is both budget-
friendly and simple to incorporate, making it a viable option for inte-
gration with RF front ends in diverse monitoring applications.

In another study, amperometric biosensors were fabricated by con-
structing a nanocomposite film for detecting xanthine. The film con-
sisted of separate components, including reduced expanded GO, GO-
platinum, GO-gold, and GO-palladium, embedded in poly (glycidyl
methacrylate-co-vinyl ferrocene). Xanthine oxidase (XO) was covalently
immobilized to the surface of the electrode coated with the nano-
composite. By employing these customized nanocomposites and
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immobilizing XO on the surface, a comprehensive investigation was
carried out to attain an optimum and ideal setup for detecting xanthine
in actual samples. The GO-platinum-based nanocomposite electrode
demonstrated the most superior performance in detecting xanthine. It
showcased a sensitivity of 21.98 pA/uM, a linear range of detection
spanning from 1 to 40 pM, an impressively low limit of detection at
0.003 pM, and a swift response time (2 s). To validate its effectiveness,
the developed electrode was employed for assessing xanthine concen-
tration in actual samples, specifically meat, and chicken, through mea-
surements and analysis. The biosensor demonstrated exceptional
performance and high precision in detecting xanthine in real samples
over a span of 20 days. This makes it a practical and reliable approach to
monitoring meat freshness control [112].

Detection of hydrogen peroxide (H205) is highly sought after due to
environmental and health concerns. Numerous approaches have been
devised for HoO2 monitoring, although many of them are limited by
their reliance on complex instruments and high costs. In a recent study,
Liu et al. (2022) introduced a novel approach using a label-free 2D
photonic crystal (PhCr) sensor based on protein composite hydrogels
including bovine serum albumin/ horseradish peroxidase (BSA/HRP)
[119]. This sensor was designed to specifically detect HoO5 without the
need for additional labels or markers. The 2-D PhCr BSA/HRP protein
composite hydrogel sensor was created by gently cross-linking HRP and
BSA proteins with glutaraldehyde. BSA functioned as a framework for
HRP, which served as the molecular component for detecting H2O5.
When HRP decomposes HoO, its heme group is inactivated, causing a
conformational change in the protein hydrogel. This change results in a
decrease in cross-linking density, leading to an expansion of particle
spacing and a reduction in the Debye diffraction pattern of the 2D
photonic crystals. The composite hydrogel sensors of the 2D PhCr BSA/
HRP —75 protein were fine-tuned, resulting in a favorable linear range
spanning from 8.8 x 10 to 60.6 x 10°® M. Furthermore, the sensors
displayed remarkable sensitivity, boasting a detection limit of 8.8 x 107
M. This pioneering method of sensor fabrication establishes a proof-of-
principle for the utilization of proteins with limited lysine groups in
the advancement of intelligent PhCr protein composite hydrogel sensors
designed for the precise measurement of HyO» concentration in liquid
solutions. Moreover, this strategy lays the foundation for future ad-
vancements in the creation of protein-based organogel sensors with the
potential to detect gaseous Hy0o.

Gases, more especially ammonia, serve as a crucial indicator for
assessing food spoilage levels. However, existing gas sensors for
detecting ammonia face challenges such as inadequate sensitivity,
selectivity, and automation, hindering their practical use in real-time
and on-site food quality monitoring. To address these limitations,
Zhang et al. (2022) proposed a novel approach that involves growing
(001) TiO5 on a 2D transition-metal carbide (Ti3CyTx, MXene) to create
a specialized sensing material [114]. This design capitalizes on the
highly active (001) crystal plane of TiOp, which generates efficient
photogeneration upon UV irradiation. Simultaneously, Ti3CoT acts as a
reservoir for holes, facilitated by the Schottky junction formed at the
TiO4 interface, leading to the dissociation of electron-hole pairs and
enhanced performance in detecting ammonia. To augment the sensor’s
capabilities, authors introduced UV light to facilitate electron excitation,
leading to a 34-fold increase in sensitivity to ammonia (30 ppm) in the
(001) TiO2/TizCoTx-based sensor compared to Ti3CoTy alone. Density
functional theory (DFT) analysis additionally validates that the com-
bined arrangement of the TiO5 (001) surface and Ti3CyTx demonstrates
the strongest attraction to ammonia adsorption. Additionally, the re-
searchers have devised an integrated alarm system circuit that integrates
near-field communication and a microcontroller system, enabling the
detection of the decay process in shrimp, fish, and fresh pork. The
schematic diagram outlining the integrated alarm system’s overall
operation is depicted in Fig. 11a. Upon the fish’s perished, the sensor
detects the level of ammonia released by the fish, which in turn trans-
mits a resistance signal to the microcontroller. A smartphone equipped
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Fig. 11. (a) Schematic diagram of the integrated circuit alarm system. It showcases the real-time monitoring of the fish’s present state, indicated as (b) “No
deterioration,” (c) “Early deterioration,” and (d) “Advanced deterioration.” Reprinted from [114] with permission from Elsevier Science Ltd.

with near-field communication (NFC) functionality is utilized to capture
and interpret this signal. The integrated alarm system categorizes the
decomposition process into three stages, indicated by “No deterioration”
(green light), “early deterioration” (yellow light), and “advanced dete-
rioration” (red light). Subsequently, the smartphone equipped with NFC
capabilities is utilized to capture the signals. As the smartphone detects
the sensor’s signal, the current state of meat freshness is presented on the
liquid crystal display (LCD) screen, accompanied by the activation of an
indicator light, as illustrated in Fig. 11b-d. This novel sensing technol-
ogy holds immense potential for revolutionizing food quality moni-
toring, overcoming the limitations of existing ammonia gas sensors, and
facilitating efficient and automated on-site monitoring of food freshness.

Detecting multiple foodborne bacteria rapidly and sensitively
without DNA amplification remains a significant challenge. 2D materials
have also shown promising applications in biosensing devices. To
address this, Shen et al. (2022) introduced an improved surface-
enhanced Raman scattering (SERS) sensing strategy for directly detect-
ing bacteria in 3 different food samples (grape juice, carrot juice, and
skim milk), utilizing an immunochromatographic assay (ICA) with
multiplex analysis capability and high sensitivity [120]. In their
approach, they developed multifunctional nanosheets consisting of GO
coated with a gold shell (GO@Au). These nanosheets were employed as
a 2D film-like SERS label, offering excellent stability, a large surface
area, and superior SERS activity. Unlike conventional spherical nano-
tags, the antibody-conjugated GO@Au nanosheets efficiently and
promptly adhered to bacterial cells, enhancing the dispersibility of
bacteria-nano label complexes on the ICA strips and generating
numerous stable hotspots for SERS signal amplification. By combining
the GO@Au labels with the ICA system, the researchers achieved
multiplex and highly sensitive detection of three foodborne pathogens
(Salmonella typhimurium, Escherichia coli O157:H7, Staphylococcus
aureus) in a single test. The biosensor demonstrated low detection limits
(10, 10, and 8 cells/mL) and a short time (approximately 20 min) for
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detection. Importantly, the fabricated biosensor exhibited excellent ac-
curacy and stability when tested with different food samples, making it a
desirable tool for rapid bacteria identification.

In brief, the utilization of 2D nanomaterials in advanced sensing
applications offers a paradigm shift in the field of technology. With their
unique properties, including high sensitivity, large surface area, and
excellent stability, 2D nanomaterials have enabled the development of
highly efficient and compact sensors. These sensors are able to revolu-
tionize various industries by providing precise detection, real-time
monitoring, and analysis of diverse parameters. As research in this
area continues to progress, we can anticipate further advancements and
the integration of 2D nanomaterials into a wide range of sensing devices,
contributing to enhanced accuracy, reliability, and efficiency in
numerous fields.

5.2. Colorimetric/Visual indicators

Intelligent packaging with 2D nanomaterials can incorporate in-
dicators that provide visual cues about the quality or freshness of the
packaged contents. These indicators are designed to change color or
display patterns in response to specific stimuli [111]. 2D materials are
frequently utilized to augment such types of indicators or act as either
fluorescent emitters or effective fluorescence quenchers in the creation
of diverse optical biosensors relying on fluorescence methodologies
[17].

pH-sensitive indicators have demonstrated promise in different in-
dustrial sectors as a result of their quick response time and advantageous
mechanical characteristics [121-123]. For instance, pH-sensitive sen-
sors using nanofibrous membranes fabricated through electrospinning
of a combination of poly 2-acrylamido-2-methylpropanesulfonic acid
(PAMPS), polyurethane and GO, and indicator dyes. The ratio of hy-
drophilic polymer and GO concentration on the sensors’ response time
was then assessed. The solution tests across a wide pH range (1 to 8) and
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vapor tests at three pH levels (1, 4, and 8) were performed and the color
change was quantified using UV-vis spectroscopy to calculate the total
color difference. The SEM analysis verified the successful production of
bimodal distributions of fiber diameters, wherein polyurethane show-
cased an average fiber diameter of 519 nm, while PAMPS measured 78
nm. As the concentrations of GO and PAMPS increased, there was a
notable reduction in the response time of the sensing system. The hybrid
nanofibrous membranes, combining hydrophobic and hydrophilic
properties with GO, exhibited a rapid response to changes in solution pH
and could detect pH variations in chemical vapor solutions within 7 s
[115]. In a similar investigation, Zhao et al. (2022) developed pH-
sensitive smart packaging films by incorporating carboxymethyl cellu-
lose (CMC) as the matrix, GO as the enhancer, and anthocyanins as the
color indicator [124]. By utilizing this formulation, they were able to
enhance the barrier properties of the films against oxygen and water
vapor, as well as improve their tensile strength. Specifically, the oxygen
permeability, water vapor transmission rate, and tensile strength were
improved from their initial values to more favorable levels. The inter-
action between CMC and GO, facilitated by the electrophilic nature of
carboxyl groups, led to a reduction in GO’s surface energy and an
improvement in the film’s water contact angle from 88 to 142° indi-
cating more hydrophobic surface of the indicator. Furthermore, the
CMC/GO/anthocyanin composite indicator demonstrated high biode-
gradability and exhibited a visible color change in response to volatile
ammonia and pH buffer solutions. These color changes were observable
to the naked eye and were highly correlated with the total volatile basic
nitrogen (TVB-N) levels and pH values. This suggested that the potential
of the obtained films in smart packaging and gas/pH-sensing indicators,
aiming to monitor and preserve the freshness of protein-based products.

Colorimetric indicators have also shown potential in modified at-
mosphere packaging (MAP) systems to detect the gas balance distur-
bances within the MAP package. In this regard, Huang et al. (2018)
developed a convenient and visually detectable oxygen indicator to
monitor the preservation state of MAP and control the reaction rate
during the restoration phase [125]. This indicator was based on a
composite of GO and titanium oxide, incorporating methylene blue,
glycerol, PVA, and hydroxyethyl cellulose. The GO/titanium oxide
nanocomposite synthesis involved a modified Hummers synthesis of GO,
followed by hydrothermal treatment with butyl titanate, eliminating the
need for a reducing agent. Performance tests utilizing UV-Vis spec-
troscopy and CIElab demonstrated that the indicator exhibited pseudo-
first-order kinetics of methylene blue for the detection of O in MAP.
Notably, the findings indicated that the detection of MAP integrity loss is
feasible, allowing consumers to make easy judgments based on the color
of the indicator, with blue indicating damaged packaging. Furthermore,
by adjusting the concentration of methylene blue, the reaction time of
the indicator during the recovery stage could be controlled due to the
pseudo-first-order kinetics.

To summarize, the application of 2D nanomaterials in packaging
indicators has brought significant advancements to the field of intelli-
gent packaging. These nanomaterials offer enhanced sensitivity, selec-
tivity, and real-time monitoring capabilities for parameters like pH, gas
composition, and product freshness. With further research, these ad-
vancements have the potential to enhance product safety, prolong shelf
life, and instill consumer confidence in packaged goods.

5.3. Wireless tag

Another application of 2D nanomaterials in intelligent packaging is
the development of labels or tags to provide valuable information, track,
and trace capabilities, or even interact with consumers. These sensor
tags possess the ability to independently monitor the conditions of
packages, eliminating the need for manual involvement. They can be
easily affixed to packages for wireless detection and recording of their
condition, thereby improving supply chain visibility, particularly for
products with security concerns [111].
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The fabrication of the graphene-based wireless gas sensor involved
the application of GO ink via inkjet printing onto organic paper or
Kapton substrates. Following the introduction of ammonia gas, the
electrical resistance underwent a rapid acceleration within the initial
minutes, indicative of quick detection capabilities. This sensor material
exhibited a 6 % normalized resistance change within 15 min of exposure
to a concentration of 500 ppm. Furthermore, the rGO thin films
demonstrated 30 % material recovery within 5 min without the need for
high temperature or UV treatments. Besides, the rGO sensor displayed
distinctive sensitivity characteristics when exposed to 0.1 % CO gas,
however, the sensitivity was comparatively lower than that observed for
ammonia gas [126].

In another study, the dielectric property of GO has been harnessed
for the development of a wireless humidity sensor in the form of a radio-
frequency identification (RFID) tag. The RFID sensor was fabricated by
coating a printed graphene antenna with a layer of GO using screen
printing. The resonance frequency and backscattering phase of this GO/
graphene antenna were responsive to changes in surrounding humidity,
allowing for detection by an RFID reader (24). In a similar study, a
disposable humidity sensor was fabricated on various paper substrates
(glossy, matt, and sylvicta) using screen printing with graphene-carbon
ink. This sensor operated based on a resistive sensing mechanism. The
humidity sensor exhibited promising sensing performance, showing a
resistance change of approximately 12.4 Q/%RH across a wide humidity
range of 25-91.7 %RH. Notably, the sensor demonstrated high flexi-
bility, considerable stability (over 4 months), excellent repeatability
(over 100 cycles), rapid response (around 4 s), and recovery time
(around 6 s) [127].

Wireless paper tags have also been developed for monitoring the
temperature and chemical status of food products. Laser-induced paper
sensors (LIPS) were developed by modifying commercial biodegradable
papers to a paper-based graphene electrode using straightforward laser
processing, aimed at real-time monitoring of food status. In this study,
laser-induced graphene (LIG) was generated on the commercial paper
via photothermal pyrolysis induced by laser irradiation (laser irradiation
of 100 mW and 10 mm/s), without causing damage to the substrate,
resulting in sheet resistance of 105 Q/sq. The porous structure of the
LIPS facilitated intelligent monitoring of necessary parameters such as
gas concentration and temperature, allowing for early detection of food
spoilage before consumption. The temperature and chemical gas coef-
ficient of resistance were obtained as 0.15 % °C™* and 0.0041 % ppm’l,
respectively at the optimum laser irradiation conditions on the paper
substrate. These LIPS were then utilized for monitoring the thermal state
of water in a paper cup and assessing the chemical condition of pork and
milk. The sensor data was seamlessly transmitted to the consumer’s
smartphone via constant wireless communication (Fig. 12) [128].

Strain-sensitive materials are another type of sensor that can be in-
tegrated into intelligent packaging. In this way, a composite sensor
composed of pullulan/chitosan/alginate and graphene was fabricated to
act based on the electrical characteristics of graphene [129]. In this
study, few-layer graphene was generated through bath sonication of
graphite in pullulan/ chitosan/alginate solutions. The resultant solution
containing graphene was intended for use as an electrically conductive
ink on the paper substrate in strain-sensitive applications. The chitosan-
graphene combination exhibited the most favorable resistivity value
(1.66 x 10 Q-cm) and the highest sensitivity to strain (GF: 18.6). This
interesting result highlighted the potential utility of chitosan-based
conductive ink as a strain-sensitive material for next-generation food
packaging.

In conclusion, the integration of 2D nanomaterials in paper-based
tags offers tremendous potential for transforming industries, particu-
larly in intelligent packaging. With their versatility and seamless inte-
gration into existing packaging materials, smart labels/tags with 2D
nanomaterials present a scalable and unobtrusive solution for wide-
spread implementation. Continued research in this field will likely drive
the adoption of these advanced technologies, leading to improved
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Fig. 12. Left side; (a) The process of fabrication of laser-induced paper sensor (LIPS) on commercial paper; (i) LIPS created (i) inside a milk carton for monitoring
food chemicals and (ii) outside of a paper cup for monitoring food temperature. (b) Images of LIG patterns on commercial milk carton (i), paper cup (ii), and colored
paper (iii) as well as its SEM image on colored paper (iv). (c,d,e) Raman, XRD, and XPS spectra of LIG. Right side; (a) Using LIPS for detecting water temperature in a
paper cup by observing the response behavior of LIPS when hot/cold water is poured and drained. (b) Using LIPS for wireless monitoring of pork spoilage over time;
(i) response of the LIPS by storing the pork at different temperatures (4 and 37 °C), (ii) LIPS enclosed with the pork, and (iii, iv) pork preserved in the refrigerator (4
C) or warm oven (37 C) after 63 h. (c) The real-time wireless monitoring of milk spoilage (200 mL) using LIPS; (i) The response of LIPS for monitoring the status of
milk stored at different temperatures (4 and 37 °C). (ii) LIPS is patterned on the inner surface of a milk carton purchased from a local market, (200 mL), and (iii, iv)
milk preserved in a refrigerator (4 ‘C) and a warm oven (37 C) after 140 h representing visible solid clots for the spoiled milk. Reprinted with permission from [128].
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product safety, enhanced supply chain management, and enriched
consumer experiences in the near future.

6. Impact of 2D nanomaterials on the properties of smart
packaging

It is well-known that the nanomaterials in composites improve
various features of the final material, primarily barrier, mechanical, and
thermal properties [117,130,131]. The intelligent or active packaging
action arises mostly from other additives such as 2D materials or pH-
responsive dyes as mentioned above. However, it is vital to keep in
mind other, more conventional functions of packaging, namely me-
chanical and chemical resistance as well as desired barrier characteris-
tics. These functions can be guaranteed and even improved by including
nanomaterials in the synthesis protocol of the materials with potential
intelligent packing properties. Both intelligent packaging and applicable

(A) (B)
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nanotechnology are relatively young scientific fields. As a result, the
literature providing a comprehensive description of intelligent pack-
aging and other important properties is limited. However, the available
data allows for drawing some general conclusions, noting trends, and
predicting future perspectives in the area of 2D nanomaterial applica-
tions in intelligent food packaging. This section summarizes the avail-
able information and data related to the physical, barrier, and thermal
properties of nanomaterial-containing smart packaging materials as
shown in Fig. 13.

6.1. Barrier properties

Barrier properties represent the group of material features respon-
sible for protecting the packed goods against UV radiation, moisture,
water vapor, or gases [132]. These properties can be effectively tuned by
the incorporation of the nanosized material into the polymeric structure.
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Fig. 14. The release profile of VE from LBG/VE film and LBG/VE/GO nanocomposite film to (A) the different food simulants and (B) the solutions with different pH
values. (C) The cell viability results of HDF cells cultured on the film samples after 24 h. (b) Fluorescent microscopy images of DAPI stained nuclei of the cells after 12
h of culture on the fabricated films (b); (D) Color response of the LBG/VE/GO film at various pH values, and (E) Application of LBG/VE/GO film in monitoring meat

freshness [133].
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The 2D material structure is made up of multiple atomic layers that are
connected by weak van der Waals forces. These materials provide a
tortuous and extended path for gas/water vapor diffusion when they are
incorporated into food packaging materials. As a result of this layered
structure, gas molecules can pass through the packaging material at a
lower permeation rate due to the extension of the effective diffusion
path length. The nanoscale thickness and layering structure of 2D
nanomaterials also result in a high surface area leading to higher in-
teractions with gases/water vapor and absorbing them. By adhering to
the surface of 2D nanomaterial-containing packaging, gas/water vapor
concentration within the packaging is reduced, and thereby their
permeation is slowed.

The optical properties of food packaging can be enhanced by 2D
nanomaterials. Introducing compounds or materials containing chemi-
cal groups capable of absorbing visible and UV radiation typically leads
to a decrease in transparency and an enhancement of UV resistance in
the material. Sensitive food products can be protected from harmful UV
radiation by packaging incorporated by 2D nanomaterials. They can
protect food compounds from degradation and extend the shelf life of
products exposed to UV light by acting as UV absorbers.

In a study, GO was incorporated into a film made of locust bean gum
(LBG) and anthocyanin (Viola extract, VE) to develop a freshness
controller for intelligent packaging [133]. The addition of GO did not
significantly influence the WVP of the films. In general, the composite
manifested lower WVP than the control film but this was ascribed to the
interaction between the film matrix and VE. The oxygen permeability
confirmed the “tortuous path” concept since the addition of VE and GO
to the LBG matrix reduced the WVP by 38 and 74 %, respectively, in
comparison to the neat film (Fig. 14). Similarly, Zhao et al. (2022) re-
ported a promising material for real-time food freshness monitoring
based on CMC enriched with anthocyanins as a pH-responsive com-
pound and GO as a nanofiller [124]. The influence of GO addition on
water vapor permeability (WVP) and oxygen permeability was system-
atically tested. The WVP is reduced by approximately 33-50 %
depending on the amount of GO in the material. By adding the nano-
filler, the oxygen permeability decreased to 50 % of the value noted for
the graphene-free material, while it did not vary significantly with
changes in the nanofiller content.

MXenes are promising materials for barrier and light absorption
applications because of their layered structure and adjustable band gaps.
In a recent study carried out by Zhang et al. (2022), ultrathin Ti3CyTx
MXene nanosheets were prepared and utilized to create MXene/PVA
composite films with enhanced UV shielding capabilities while main-
taining high transparency [134]. These MXene/PVA composite films
exhibited impressive UV shielding, with the 1.0 wt% TizC2Tx MXene/
PVA films blocking nearly 90 % of UV light. Remarkably, their visible-
light transmittance held at above 55 %. The remarkable performance
of these films was attributed to MXene’s tunable band gap, ultrathin
nature, layered structure, and excellent integration within the PVA
matrix. Moreover, MXene/PVA exhibited exceptional water barrier
properties. Additionally, films containing MXenes preserved product
freshness and extended packaged products’ shelf life. In another study,
MXene (TizCyTy) nanosheets were blended with polybutylene adipate-
co-terephthalate (PBAT) through melt compounding to create smart
food packaging materials. The findings revealed that MXene nanosheets
significantly enhanced the biodegradable film’s barrier properties. This
improvement in gas barrier characteristics is attributed to the presence
of Ti3CyTy nanosheets, which extend the effective diffusion path length
for gases [135]. According to another study, a biodegradable composite
film made of nanocellulose, MXene, and silver nanoparticles was
designed and fabricated by Tang et al. (2023), resembled a nacre in its
layered structure. The study’s findings demonstrated that this compact
structural arrangement, featuring reduced free volume, enhanced film
gas diffusion pathways [136]. As a result, the nanocellulose/MXene/
silver nanoparticles film exhibited remarkable barrier properties against
oxygen, nitrogen, and volatile organic gases illustrating the effective
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role of MXene in improving nanocellulose films’ barrier capabilities.
6.2. Mechanical properties

Ensuring the effective protection of the product is a fundamental task
in packaging. As explained, the development of intelligent packaging is
most commonly achieved through the modification of the polymeric
matrix with various organic compounds. Such modifications often
impact the mechanical properties of packaging materials in various
ways. Over the last few decades, with the advancement of nano-
composites, it has been observed that incorporating nanofillers into
certain polymer structures improves their mechanical properties.
Therefore, applying this approach to intelligent food packaging can
constitute a viable alternative. Tensile strength (TS), elongation at break
(EAB), and Young’s modulus (YM) are among the most commonly used
parameters for the quantitative description of materials properties in
terms of their mechanical resistance [117,137,138].

Eskandarabadi et al. (2019) investigated the effect of two nanofillers
namely 2D montmorillonite (MMT) and zinc oxide (ZnO) separately and
simultaneously on the TS of intelligent packaging materials based on
ethylene vinyl acetate with the addition of anthocyanin [139]. The TS of
the pure film matrix was 67 MPa whereas for the materials containing
ZnO, MMT, and ZnO/MMT, it changed to 86, 70, and 54 MPa, respec-
tively. This shows a slight but well-pronounced increase of the TS of
material containing MMT (2D nanostructure) and an even higher effect
for ZnO-modified material (3D nanostructure). However, the simulta-
neous incorporation of the nanofillers resulted in a reduction of the
material’s mechanical properties. This was ascribed to the change in
polymer crystallinity due to the presence of both nanomaterials. Simi-
larly, the incorporation of various concentrations of GO (1-6 % wt) to
the polyvinyl chloride (PVC)-based humidity sensors changed the TS
and EAB parameters as follows: 47, 70, 81, 41 MPa, and 225, 160, 95,
and 66 % for the material containing 0, 1, 3, and 6 wt% of GO,
respectively [140]. According to the results, the GO incorporation
brought both positive and negative effects in terms of mechanical sta-
bility depending on the added amount. Moreover, there is some optimal
GO content allowing for enhancement of the material TS whereas
further increasing of the nanofiller content results in a decrease of the TS
value. Mechanical tests of the ternary composite containing locust bean
gum, viola anthocyanin, and GO confirmed the abovementioned obser-
vation and clearly showed the existence of some optimal limit for GO
content. In this study, stepwise increasing the GO content in the locust
bean gum matrix (without anthocyanin) from 0 to 0.5 wt% resulted in
increasing the TS from 35 to 53-60nMPa and further addition of GO
caused reverse changes to 30 MPa. Furthermore, the same trends were
noted for the EAB and YM of the films. The incorporation of viola
anthocyanin into the mixture of locust bean gum/ GO (with optimal GO
content) led to the deterioration of the mechanical properties of mate-
rials, however, the values of TS and EAB were still higher than the neat
locust bean gum (pure matrix) film, but the YM was slightly lower.
Importantly, the mechanical properties of the material consisting of
locust bean gum and viola anthocyanins only (without GO) were
significantly worse than the pure matrix which justifies the application
of the nanofiller in the intelligent packaging materials. Using GO as an
enhancer in the CMC-based indicator containing anthocyanin enhanced
the TS and YM, while EAB decreased. The mechanical parameters of the
most promising material were equal to TS of 43 MPa, EAB of 8 %, and
YM of 1.9 GPA whereas these parameters were obtained 13 MPa, 14 %,
and 0.8 GPa, respectively, in the CMC indicator containing only
anthocyanin. This constitutes further evidence of the validity of adding
nanomaterials to composites dedicated to intelligent food packaging to
ensure their mechanical strength.

6.3. Thermal properties

The modern food industry covers a wide spectrum of products being
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processed in various ways including different temperature conditions.
Some products are intended for storage at a reduced temperature, while
others are processed at high temperatures within their final packaging,
such as pasteurized and sterilized products. Due to this reason, the
thermal properties of the packaging material cannot be overlooked in
research which is reflected in the available literature. In the following
cases, thermogravimetry has been used as a main tool for the evaluation
of materials’ thermal behavior [141-144].

The addition of 2D montmorillonite to the ethylene vinyl acetate
nanocomposite resulted in a noticeable change in the thermal profile of
the material. The application of this 2D nanomaterial allowed for an
increase in the thermal stability of the composite by approximately
20 °C, which was observed as a delayed decomposition of the
nanomaterial-doped material compared to the pure ethylene vinyl ace-
tate film during heating. Another example of enhanced thermal prop-
erties of a nanocomposite in the presence of 2D nanomaterials is the
CMC/gelatin composite modified with organoclay playing the role of 2D
nanofiller [145]. In this case, the maximum thermal degradation of the
CMC/gelatin film enriched separately with clay, anthocyanins, and
pistacia leaf extract did not vary a lot, but the simultaneous application
of these three components resulted in a synergistic effect of a positive
shift of the degradation temperature by 13 °C. Fathi et al. (2022)
observed, in turn, a positive influence of graphene addition on the
thermal resistance of films consisting of locust bean gum and anthocy-
anin [133]. Films based on PVC and TCP containing different amounts of
GO from 0 to 6 wt% were subjected to TGA (under air atmosphere) and
the addition of 2D nanofiller resulted in the appearance of a new
decomposition stage of material related to the presence of GO. The
temperature of the main material decomposition peak shifted slightly
towards a higher temperature, but this effect was relatively weak. The
abovementioned examples of nanofiller-doped materials for intelligent
food packaging have shown that this kind of modification can positively
influence the thermal behavior of the material. In some cases, this was
attributed to the presence of nano objects and in other cases to the
occurrence of some synergistic effects.

However, deeper studies of the available literature suggest that this
is not a common observation, and the application of 2D nanomaterials
does not guarantee the improvement of the thermal properties. Zhao
et al. (2022) reported almost no effect of graphene’s presence on the
thermal properties of CMC-based intelligent film which was related to
the very small amount of the added graphene [124]. In another case, the
pH-responsive material for intelligent food-packaging applications was
synthesized as a mixture of natural and modified montmorillonite and a
blueberry extract to make more stable intelligent packaging agents
[146]. The authors observed that the addition of the blueberry extract as
a pH indicator to the two kinds of montmorillonite resulted in
decreasing its thermal properties but overall improved the stability of
the extract. A similar pH-indicating system for application in intelligent
food packaging was designed and tested by the same research group but
in this case, the role of the intelligent component was played by an-
thocyanins. Like the previous example, the modification of montmoril-
lonites with anthocyanins resulted in a decrease in the thermal behavior
of the nanofiller. Noteworthy, the authors looked at the system from the
perspective of montmorillonite properties, changing the perspective
allows us to conclude that immobilization of anthocyanin in the clay
structure results in its higher thermal stability which is a more promising
option for food packaging applications.

6.4. Bioactive properties

Intelligent food packaging assumes the smart response of the pack-
aging material to the chemical and physical changes in the product’s
internal and/or external environment. In certain instances, the inclusion
of additives such as 2D materials can enhance the antimicrobial and
antioxidative properties, thereby transforming the specific packaging
solution into an active and intelligent option. Antioxidative and
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antimicrobial properties result in the active influence of the packaging
itself on the quality of the packed product [147-149].

The antimicrobial efficacy of 2D nanomaterials arises from physical
and chemical mechanisms. Physical damage involves processes that
disrupt the physiological characteristics of microbial cells, including
direct contact between the sharp edges of 2D nanomaterials and bac-
terial cell membranes, leading to membrane stress through cutting,
insertion, lipid extraction, or pore formation [150] (Fig. 15a). Moreover,
physical damage encompasses photo-thermal ablation, where the light-
absorbing properties of 2D materials, coupled with pulsed laser action,
convert near-infrared radiations (NIR) into local heat, effectively elim-
inating bacterial cells. Under NIR irradiation, 2D nanomaterials conduct
heat and facilitate photo-thermally induced bacterial eradication
(Fig. 15b). Mechanical wrapping, as another physical mechanism, in-
duces membrane stress by enveloping bacterial cells, thereby isolating
them from nutrients and causing cell death. In contrast, chemical
damage arises from the reactivity of functional groups present on the
surface of 2D nanomaterials. These materials promote the generation of
reactive oxygen species (ROS) through oxygen adsorption at edges and
defect sites, subsequently reduced by cellular enzymes like glutathione
as a vital antioxidant. Glutathione is oxidized to glutathione disulfide
serving as an indicator of intracellular redox state. Depletion of gluta-
thione signifies elevated ROS levels, leading to oxidative stress and
eventual bacterial toxicity (Fig. 15¢) [151]. Various factors, such as the
type of nanomaterial, concentration, and the microbe targeted, may
affect the antimicrobial efficacy of 2D nanomaterials.

The incorporation of GO and rGO to the composite containing PVA
and potassium chloride led to an enhancement of the bioactivity of the
resultant composite [152]. The smart nanocomposite, containing 4 wt%
GO as a dispersant, exhibited inhibitory activity against Pseudomonas
aeruginosa, Escherichia coli, and Campylobacter jejuni. Additionally, the
smart polymer nanocomposite, featuring 4 wt% rGO as a dispersant,
demonstrated inhibitory activity against Escherichia coli, Candida albi-
cans, and Pseudomonas aeruginosa, as evaluated using the good diffusion
method. In addition, the antimicrobial properties of MXene (Ti3C2Ty)
were investigated by incorporating it into composite films made from
polylactic acid (PLA). The findings demonstrated that these composites
effectively inhibited bacterial growth. Specifically, when tested against
Listeria, a mere 0.5 wt% of MXene was sufficient to achieve a remarkable
99.999 % bactericidal activity, resulting in a six-log reduction. In the
case of Salmonella, a concentration of 5 wt% was required to provide a
significant 99.999 % bactericidal activity, corresponding to a five-log
reduction [153]. In another research investigation, a new biopolymer
composite film was engineered to possess exceptional antibacterial and
antioxidant characteristics. This was obtained by incorporating MXene
and tannic acid into a chitosan framework through hydrogen bonding
and electrostatic self-assembly techniques. The outcomes of the study
revealed an enhancement in the antibacterial and antioxidant attributes
of the resulting chitosan-tannic acid/MXene film, rendering it suitable
for various packaging applications. Additionally, experiments conduct-
ed on fruit preservation validated the composite film’s ability to
significantly extend the shelf life of bananas and grapes, due to its
remarkable antibacterial and antioxidant properties [113]. Grande et al.
(2017) carried out a study focused on the synthesis of nanocomposite
films containing GO-chitosan and evaluated their efficiency as antimi-
crobial agents in food packaging [154]. The antimicrobial properties of
these nanocomposite films were assessed using two bacterial strains:
E. coli K-12 MG 1655 (Gram-negative) and B. subtilis 102 (Gram-posi-
tive). The findings showed that film content of 0.6 % GO exhibited the
highest level of microbial inactivation against both E. coli and B. subtilis,
with inactivation rates of 22.83 % and 54.93 %, respectively. In contrast,
the control film (chitosan) displayed no noticeable antimicrobial prop-
erties. Consequently, the cross-linking of GO with chitosan significantly
increased the antimicrobial characteristics of the films. According to
another study, antimicrobial nanopackaging films were created through
the addition of clove essential oil (CLO) at concentrations of 15-30 %
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Fig. 15. Different mechanisms for antimicrobial activity of 2D materials; (a) Physical contact of sharp edges of 2D materials induces cell membrane stress through
lipid extraction, insertion by sharp edges, and pore formation leading to the disruption of membrane, leakage of cytoplasmic content, and bacterial cell death. (b)
Photocatalysis and photo-thermal ablation pathway for antibacterial activity of 2D materials by the generation of heat and reactive oxygen species (ROS); in the
photo-thermal ablation process, 2D materials conducting heat under near-infrared (NIR) irradiation used for photothermally induced bacterial killing. Photocatalytic
antibacterial action takes place as 2D materials generate ROS upon exposure to light exceeding their band gap. (c) The chemical mechanism of antibacterial activity
encompasses the oxidative stress by ROS along with charge transfer processes contributing to the disruption of metabolic functions and eventual cell death. Reprinted

by permission from [151].

(w/w) and GO nanosheets at 1 % (w/w) to PLA using a solution casting
method. These composite films displayed remarkable antibacterial ef-
ficacy against Staphylococcus aureus and Escherichia coli. Consequently,
they hold potential as active packaging materials for enhancing food
safety and extending shelf life [155]. In summary, it can be concluded
that 2D nanofillers provide favorable attributes to intelligent packaging
materials.

7. Challenges and opportunities of 2D nanomaterials for
intelligent packaging

Nanomaterials with 2D surfaces, ultra-thin, have gained consider-
able attention in recent years due to their unique properties. Smart food
packaging applications can greatly benefit from 2D nanomaterials,
which have superior properties such as high surface area, mechanical
strength, and unique optical characteristics. The higher surface area can
lead to more effective dispersion of 2D nanomaterials in food packaging
materials. A tighter nanoparticle network can be created by this
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dispersion, improving the barrier properties of packaging [156]. This is
essential for inhibiting oxygen, moisture, and other contaminants from
affecting food shelf life. Moreover, the high surface area of 2D nano-
materials facilitates the effective binding of recognition molecules,
providing the identification of food spoilage, temperature changes, or
gas levels within the packaging. These nanomaterials can be customized
to function as sensors and indicators in food packaging. The larger
surface area also provides efficient distribution at a lower concentration.
As a result, material usage can be reduced, making packaging more
environmentally friendly and cost-effective.

A food package can be equipped with color-changing capabilities
that respond to external factors, such as temperature, humidity, and gas
concentration, by using 2D nanomaterials with specific optical proper-
ties. Food quality or safety can be determined by this color change. It is
also important to note that 2D nanomaterials, such as graphene or GO,
can significantly improve packaging materials’ strength and durability.
Adding these nanomaterials to polymers strengthens the matrix,
improving its resistance to tearing, and a variety of physical stresses
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during transportation and handling [157]. Despite 2D materials’ po-
tential and applications in various fields, there are some concerns that
must mentioned for fully realized and used responsibly in different in-
dustries. In terms of product synthesis, the primary obstacle revolves
around employing active exfoliation methods to generate 2D materials
of the thinnest possible dimensions. The typical approach involves the
use of potent acids, including those containing fluoride, to etch 2D
materials. However, there is a necessity to explore environmentally
friendly etching agents, for example laser etching, in MXene synthesis,
as an alternative to the hazardous nature of hydrofluoric acid [158]. The
issues connected with food packaging concerns are mainly the
biocompatibility of used materials. Safety concerns arise regarding the
migration of 2D nanomaterials into food products. Nevertheless, it is
imperative to assess the quality of intelligent packaging through
migration tests to ensure compliance with regulations and safeguard the
well-being of consumers. The overall migration limit (OML) and specific
migration limits (SML) serve as two indicators of material inertness and
intentional additives. In line with European Union Commission Regu-
lation No 10/2011 concerning food contact plastic materials, subject to
regular updates based on new technical evaluations, plastic packaging
must not surpass the OML threshold (set at 10 mg/dm2 on the food
contact surface or below 60 mg/kg). The potential 2D materials should
undergo SML determination via compliance testing according to guid-
ance outlined in the European Standard EN 13130-2005 [159]. The
potential health risk associated with the 2D materials used in food
packaging necessitates thorough safety assessments by regulatory
bodies such as the Scientific Committee on Emerging and Newly Iden-
tified Health Risks [160]. Biocompatibility and immune response to 2D
nanomaterials are strongly influenced by various factors, including their
concentration, stability, size, functional groups, and shape. Among these
factors, size and concentration are particularly important in determining
biocompatibility [161]. Notably, the radial size of 2D nanomaterials
determines their interaction with biological surfaces and their sur-
roundings. Moreover, the size of 2D nanomaterials plays a critical role in
their cellular absorption, biodistribution, circulation time, clearance
routes, penetration through the blood-brain barrier, and overall per-
formance efficiency. Therefore, the development of 2D materials with
adjustable sizes can significantly enhance their application potential.
Additionally, for the establishment of clinical translation and safety
regulations, a thorough analysis of the toxicokinetic and toxicodynamic
properties of 2D materials under physiological conditions is essential.
The interactions at the nano-bio interface are strongly tied to 2D
nanomaterial physicochemical characteristics. Nevertheless, accurately
predicting the effects within biological systems remains a significant
challenge [162]. In general, assessments of new nanomaterials’ appli-
cations in food packaging are crucial, focusing on ecotoxicology,
nanoecotoxicology, genotoxicology, human toxicology, and nano-
particle biodistribution.

In summary, the incorporation of 2D materials into food packaging
offers a range of advantages. Depending on the requirement, these
materials are customizable to meet specific needs and ensure food safety
when they are biocompatible. However, their use in food packaging
poses some challenges.

8. Conclusions

Intelligent food packaging systems prevent food waste by providing
real-time information to consumers about the quality and condition of
packaged food products, ensuring their safety and freshness. Hence,
researchers are directing their efforts towards the development of
innovative packaging systems. The integration of 2D materials has
broadened the possibilities for creating cost-effective, environmentally
friendly food packaging materials with enhanced performance and
multiple functionalities. These remarkable materials, characterized by
their high aspect ratios, hydrophobic nature, and extensive surface-to-
volume ratio, play a key role in enhancing various aspects of
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composite packaging materials, including barrier properties, mechani-
cal strength, thermal and antimicrobial attributes. Additionally, the
physicochemical properties of 2D materials, such as high conductivity
and catalytic activity, have enabled the way for their utilization in
intelligent packaging. This application extends to indicators, sensors,
tags, and smart labels, further enhancing the capabilities of food pack-
aging in monitoring and maintaining the quality and safety of packaged
products.

Current research and development in this field are creating the
foundation for future innovations and applications. Moving forward, it is
necessary to continue exploring the potential that 2D nanomaterials
offer and their adaptability to diverse food products. Furthermore, a
critical aspect of future research and development will involve
addressing regulatory and safety concerns linked to 2D nanomaterial
utilization in food packaging.
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