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The growing demand for sustainable and eco-friendly food packaging has prompted research on innovative
solutions to environmental and consumer health issues. To enhance the properties of smart packaging, the
incorporation of bioactive compounds derived from various natural sources has attracted considerable interest
because of their functional properties, including antioxidant and antimicrobial effects. However, extracting these
compounds from natural sources poses challenges because of their complex chemical structures and low con-
centrations. Traditional extraction methods are often environmentally harmful, expensive and time-consuming.
Thus, green extraction techniques have emerged as promising alternatives, offering sustainable and eco-friendly
approaches that minimise the use of hazardous solvents and reduce environmental impact. This review explores
cutting-edge research on the green extraction of bioactive compounds and their incorporation into smart
packaging systems in the last 10 years. Then, an overview of bioactive compounds, green extraction techniques,
integrated techniques, green extraction solvents and their application in smart packaging was provided, and the
impact of bioactive compounds incorporated in smart packaging on the shelf lives of food products was explored.
Furthermore, it highlights the challenges and opportunities within this field and presents recommendations for
future research, aiming to contribute to the advancement of sustainable and efficient smart packaging solutions.

1. Introduction

The demand for eco-friendly and sustainable food packaging is
currently experiencing a significant rise because of increasing appre-
hension over health-related concerns and environmental pollution
associated with conventional packaging practices [1-3]. Sustainable
packaging is defined as packaging with a relatively minimal environ-
mental impact and is assessed through life-cycle assessment models
[4,5]. Consequently, the exploration of innovative solutions has become
imperative, leading to the emergence of smart packaging as a promising
approach. Smart packaging involves packaging systems incorporating
embedded sensor technologies and is applied to various products, such
as food and pharmaceuticals [6,7]. The objective of smart packaging is
to enhance the safety and quality of packaged food products and their
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shelf lives by enabling interaction between packaging materials and
food products [8,9]. Intelligent packaging refers to packaging materials
that can interact with products and monitor and control various pa-
rameters, such as humidity, temperature and gas composition [10,11].
However, this feature is achieved by incorporating additives derived
from natural sources, which possess functional properties, which render
intelligent packaging effective and expand its applications [12,13].
The integration of bioactive compounds derived from natural sources
into smart packaging is of paramount importance. Bioactive compounds
are naturally occurring compounds that have biological activity and
exist within an array of natural reservoirs, including plants, fruit, veg-
etables and other organic sources [14,15]. These compounds, particu-
larly phenolic compounds, carotenoids and peptides, offer functional
properties, including antioxidant, antimicrobial and anti-inflammatory
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effects. They not only enhance the safety and quality of packaged food
but also contribute to the development of innovative bioactive films
with antioxidant capabilities, antimicrobial functionalities, and inno-
vative coloration. Bioactive films have been proven effective in
enhancing the stability and prolonging the shelf lives of food products.
Furthermore, the strategic integration of bioactive films as biosensors
and colorimetric indicators showcases their ability to ensure customer
satisfaction and the safety of packaged food [16]. Recognizing the sig-
nificance of this relationship, this review paper aims to provide a
comprehensive overview of various categories of bioactive compounds,
discuss green extraction techniques employed for their extraction, and
examine their utilisation in the advancement of smart packaging.
Additionally, the paper will highlight challenges and opportunities
within this field and present recommendations for future research.

These compounds have a wide range of functional properties, such as
antioxidant, antimicrobial, and anti-inflammatory effects, and are thus
attractive for use in smart packaging [17]. However, extracting them
from natural sources can be a challenging task because of their complex
chemical structures and low concentrations [18]. In addition, traditional
methods of extraction, such as Soxhlet extraction, solvent extraction,
and steam distillation, are environmentally harmful, expensive and
time-consuming [19].

To address these challenges, green extraction techniques have been
proposed as promising alternatives for the extraction of bioactive com-
pounds from natural sources. Using sustainable and environmentally
conscious methods, green extraction minimises the use of harmful sol-
vents and lowers the environmental footprints of extraction procedures
[20]. Increased extraction yields, enhanced product quality and short-
ened extraction duration are among the advantages showcased by these
methods [21]. Green extraction techniques can effectively extract a wide
range of bioactive compounds from natural sources, including poly-
phenols, flavonoids, alkaloids and essential oils [22-25]. Among all
commonly employed techniques for the green extraction of bioactive
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compounds are ultrasound-assisted extraction (UAE), microwave-
assisted extraction (MAE), supercritical fluid extraction (SFE) and
pressurised liquid extraction (PLE). Different factors, including the na-
ture of bioactive compounds, sources of materials and desired properties
of extracted substances, influence the selection of extraction methods
[26]. Recent focus on sustainable production and circular economy has
led to considerable advancements in the study of bioactive compounds
in multifunctional packaging [27,28]. These compounds play a crucial
role in this research era, and green techniques are used to recover them.
However, previous literature reviews primarily examined specific nat-
ural bioactive compounds, such as carotenoids [29], cinnamaldehyde
[301, anthocyanins [31] and thymol [32], or specific recovery methods,
including deep eutectic solvents (DESs) [33], ionic liquids (ILs) [34] or
PLE [35]. This review provides a comprehensive overview of the various
categories of bioactive compounds and discusses different green
extraction techniques. It also compares bioactive compounds, extraction
techniques, and preservation methods for different food categories. The
paper also highlights future research challenges and opportunities
within this field.

2. Bioactive compounds for smart packaging

A bioactive compound is a substance that offers tailored benefits to
enhance food safety, quality or shelf life by integrating it into packaging
materials [36]. These compounds actively interact with packaged food
and packaging and exert different effects. Fig. 1 shows bioactive com-
pounds and their potential functions in smart packaging. Their struc-
tures and functional properties in smart packaging are elucidated in the
following section.

2.1. Polyphenols

Polyphenols belong to a diverse group of naturally occurring phenols
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Fig. 1. Different bioactive compounds and their functional properties in smart packaging.
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abundant in plants. They contain one or more hydroxyl groups attached
to aromatic benzenoid (phenyl) rings. Plant polyphenols possess several
functional properties beneficial for human health, including antioxidant
and antibacterial effects [37]. Various sources, such as fruit and vege-
tables, tea, wine, coffee, chocolate and olive oil, contain phenolic
compounds and are widely considered safe when utilised as food addi-
tives [38,39]. To improve food preservation, recent investigations have
focused on incorporating plant polyphenols into degradable food
packaging [40,41]. Polyphenols have been added to film matrices to
improve the properties of film because they have the potential to
generate active and intelligent packaging materials [42]. This approach
capitalises on the beneficial effects of natural polyphenols in the food
and pharmaceutical industries. Incorporating polyphenols into film
matrices not only confers antioxidant and antibacterial characteristics
but also bolsters mechanical and barrier properties by functioning as
cross-linking agents [43].

Polyphenols are extracted using a combination of organic solvents,
including methanol and ethyl acetate with water [44]. For over 100
years, these methods have been employed to separate polyphenols.
However, using solvents from organic sources in this process can be
expensive, harmful, and inconsistent with the tenets of green chemistry
[45]. These limitations have led to investigations into alternative
methods that are environmentally friendly and cost-effective for
extracting polyphenols from different sources of plants [46]. [47]
explored the use of ternary natural deep eutectic solvents (NaDESs) in
extracting polyphenols from green tea; these polyphenols improved the
chitosan film’s resistance attributed to the interaction between the film
matrix and polyphenols. Similarly, [48] suggested an eco-friendly
polyphenol extraction process from vegetable waste, involving an
enzymatic pre-treatment followed by solid-liquid extraction using a
designated extractor. This method enabled the efficient extraction of a
significant quantity of polyphenols from various vegetable waste
materials.

Flavonoids are polyphenolic compounds and secondary metabolites
synthesised in plants. They contribute to the colour, flavour, and phar-
macological activity of plants [49,50]. Fruit and vegetables are the
primary sources of flavonoids, such as black and green tea [51]; berries
[52]; plums and cherries [53]; and apples [54]. Flavonoids can be
classified into six major groups according to their chemical structure,
degree of oxidation and unsaturated linking chains. These groups are
isoflavonoids, flavanones, flavanols, flavones, flavan-3-ol and antho-
cyanidins [55,56].

The hot-water extraction technique is suitable for the extraction of
flavonoid glycosides, whereas MAE is commonly applied to the extrac-
tion of flavonoids from medicinal plants. Membrane separation is
particularly useful for extracting flavonoids from natural plants that
contain active and heat-sensitive constituents. The potential application
of ultrasonic techniques for the extraction of flavonoids from various
plants has been explored [57-60].

[61] introduced an innovative and environmentally friendly
extraction method that employs osmosis extraction combined with a
salting-out process to improve the extraction efficiency of pharmaceu-
tical compounds from herbal materials; manipulating the osmotic
pressure resulted in variations in intracellular osmotic pressure between
saline and non-saline solvents; the osmosis extraction biphasic system
had a phase interface that facilitated the disruption of the cell walls in
medicinal materials, thus greatly improving the efficiency of extraction;
in addition, they revealed the impact of osmotic pressure on the struc-
tural alterations in the cell wall and cell membrane of Folium nelumbinis.
Osmosis extraction is a promising environmentally friendly extraction
approach owing to its speed, efficiency, and low energy consumption.

Meanwhile, [62] evaluated the efficiency of miniaturised solid-phase
dispersion (SPD) was evaluated in the extraction of two different
flavonoid glycosides (neohesperidin and naringin) from lime fruit. The
ideal extraction parameters were florisil (150 mg) as the sorbent and 1-
butyl-3-methylimidazolium tetrafluoroborate (0.4 mL, 250 mM) as the
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elution solvent; this investigation pioneered the use of ILs as a sustain-
able eluent for extracting the desired compounds in miniaturised SPD.
Compared with conventional methods, this technique offers several
benefits, including improved enrichment factor and decreased con-
sumption of reagents.

[57] aimed to determine an optimal technique for extracting flavo-
noids from cotton fibres; they used a one-factor experiment design to
examine the effects of various experimental conditions on the extraction
process; ultrasonic temperature, ethanol concentration, sodium hy-
droxide concentration, liquid-solid ratio and ultrasonic duration
markedly affected extraction efficiency, and the optimal conditions were
liquid-solid ratio of 1:40, ethanol concentration of 50 %, extraction
temperature of 70 °C, extraction time of 1 h and sodium hydroxide
concentration of 0.15 %.

2.2. Carotenoids

Carotenoids play a critical role in photosynthetic and non-
photosynthetic plant organs, serving as pigments, antioxidants, photo-
protectors, colour attractants and precursors of plant hormones [63].
They are classified as isoprenoids, consisting of a C40 backbone
composed of eight isoprene units in their fundamental structure. Ca-
rotenoids are classified by chemical composition: xanthophylls and
carotenes. Xanthophylls are oxygenated carotenes with one or more
hydroxyl, epoxy or carboxyl groups, whereas carotenes are hydrocar-
bons composed solely of carbon and hydrogen. Carotenes include beta-
carotene, lycopene, and alpha-carotene, and xanthophylls include
lutein, zeaxanthin, and astaxanthin [64]. Moreover, carotenoids are
known for their potential antioxidant properties and health benefits in
addition to pro-oxidant properties and the ability to modulate signalling
pathways and absorb visible light. Additionally, the oxidative cleavage
derivatives of carotenoids may have biological activity and can offer the
health benefits associated with carotenoids [65].

Carotenoids, such as anthocyanins, betalains, curcuminoids and
chlorophylls, are commonly used as natural indicators of food quality
and safety in intelligent packaging [66]. These pigments can change
colour because of environmental stimuli, such as temperature, pH, ox-
ygen, light or microbial activity, providing visual cues to consumers
about the freshness, spoilage, ripeness or contamination of food [67,68].
Mixing carotenoids with other active agents can improve their func-
tionality and stability in smart packaging. Carotenoids are often
extracted using petrochemical solvents, particularly for vegetables, but
this method can lead to degradation because of harsh process conditions.
Extracted substances must be soluble in solvents, and similar solvents
are effective. Chloroform, hexane, isopropanol, methylene chloride and
diethyl ether are the commonly used organic solvents.

[69] applied ultrasonic-assisted extraction and different vegetable
oils as alternative solvents to extract carotenoids from pomegranate
peels; the study aimed to develop a novel process for naturally obtaining
antioxidant-rich oils from discarded pomegranate waste and compared
the total carotenoid content obtained through UAE with that obtained
through conventional solvent extraction. UAE was employed to enhance
the yield and quality of B-carotene extracted from carrots and enriched
in sunflower oil [70]. [71] used SFE and supercritical carbon dioxide as
a solvent to obtain lycopene-rich extract from tomatoes. According to
[72], high-shear dispersion (HSD) is more efficient in extracting carot-
enoids than UAE. HSD encompasses the physical breakdown of cell walls
and membranes, resulting in the release of compounds confined within
cells. This approach is faster than traditional methods and requires the
use of edible vegetable oils, which are more eco-friendly and require less
energy than organic solvents. Furthermore, the carotenoid extract ob-
tained through HSD does not require further purification and is ready for
immediate use [73]. [70] and [69] corroborated the results and indi-
cated that HSD outperforms UAE in carotenoid extraction.
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2.3. Terpenoids

Terpenes are hydrocarbons extensively found in several organisms,
such as plants, microorganisms, marine organisms, fungi and insects.
They are structurally composed of multiple isoprene units, each of which
contains five carbon atoms. They can be further categorised into
monoterpenes (e.g. limonene), sesquiterpenes (e.g. elemene), diterpenes
(e.g. camphene) and polyterpenes [74]. Terpenes are potential anti-
cancer drugs with few side effects and low toxicity. Elemene is a
terpene which inhibits the growth of lung cancer, liver cancer, naso-
pharyngeal carcinoma and brain tumours [75]. Moreover, terpenes
exhibit antimicrobial activity against antibiotic-susceptible and
antibiotic-resistant bacteria. This activity primarily stems from their
ability to induce cell rupture and impede DNA and protein synthesis
[76].

Extracting and isolating terpenoids from natural sources is a crucial
step in the production of valuable natural products with various bio-
logical activities and industrial applications. Several methods for
extracting terpenoids from plant resources have been proposed,
including steam distillation, MAE, solvent extraction, UAE, and SFE
[77,78]. An extraction method is selected according to several factors,
including the types and amounts of plant materials, polarity and vola-
tility of terpenoids, cost and efficiency of the methods, and environ-
mental impact [77,78]. Once extracted, terpenoids can be further
purified and analysed by spectroscopy, chromatography, and mass
spectrometry. The structures of terpenoids can be characterised by
various analytical methods and compared with known standards or
databases [79].

Terpenoids offer benefits when used in intelligent packaging,
including prolonged food shelf life, decreased use of artificial pre-
servatives and additives, and enhanced sensory properties of food [80].

2.4. Alkaloids

Alkaloids belong to a diverse category of naturally occurring
nitrogenous compounds, usually have ring structures and can be found
in various plants, fungi and animals [81]. They are known for their
diverse biological activities and have been studied extensively for their
potential anti-inflammatory [82], antidiabetic [83], antioxidant [84]
and anti-Parkinson’s effects [85].

Obtaining bioactive alkaloids from plants is a crucial process in
numerous applications. However, organic solvents, such as methanol,
alcohol, ethyl acetate, acetone and chloroform, are commonly used for
alkaloid extraction from herbal medicines [86]. According to [87], al-
kaloids in fruit and vegetables have been effectively extracted through
reflux extraction using methanol, ethanol or trichloromethane as sol-
vent. However, this method has low extraction efficiency and high sol-
vent consumption [88].

Seven NaDESs, which are mixtures of natural compounds, such as
sugars, organic acids and amino acids, were employed to extract flavo-
noids and aporphine alkaloids from Peumus boldus leaves. Among the
NaDESs, the choline chloride-lactic acid and proline-oxalic acid mix-
tures resulted in a higher extraction rate for boldine (0.43 and 2.36 mg/g
plant, respectively), which was higher than the rates obtained through
conventional extraction using methanol and water. The proline-oxalic
acid mixture yielded the highest total phenolic content (TPC) of 179.44
+ 3.79 mg gallic acid equivalents (GAE)/g [89].

Various polyalcohols, aqueous carboxylic acids and their eutectic
solvents and UAE were employed for the extraction of berberine, which
is a benzylisoquinoline alkaloid from Coscinium fenestratum. Among the
solvents, lactic acid showed the most promising result for berberine
extraction. The optimum extraction conditions obtained through
response surface methodology (RSM) were a lactic acid concentration of
60 % (w/w), temperature of 66 °C, extraction time of 20 min, and sol-
vent-solid ratio of 17.25 mL/g. These conditions resulted in 38.23 +
0.69 mg/g extraction efficiency and 2.22 + 0.04 mg/mL barberine
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concentration [90].
2.5. Proteins and peptides

Proteins and peptides are two different types of natural bioactive
compounds that are widely distributed in plants, animals and microor-
ganisms. They have attracted considerable interest in recent years
because of their potential health benefits and functional properties.
Proteins and peptides are composed of amino acids and are differenti-
ated by their length and structures. Proteins are typically larger than
peptides and have complex three-dimensional structures, whereas pep-
tides are smaller and have a simpler structure [91,92]. In plants, pro-
teins and peptides are involved in various physiological functions, such
as seed development, germination, and stress responses. For example,
the 11S globulin protein in soybean has antioxidant and anticancer
properties [93]. In animals, proteins and peptides play essential roles in
growth, development, and immune response. Milk proteins, such as
casein and whey protein, exert antimicrobial, antihypertensive and
immunomodulatory effects [94].

Extracting proteins and peptides from natural sources can be difficult
because of their complex structures and sensitivity to processing con-
ditions [92]. Protein degradation caused by extreme pH, temperature,
prolonged extraction times, and solvent conditions often reduces
extraction yields when conventional methods are employed. However,
green extraction techniques, such as aqueous extraction and enzyme-
assisted extraction (EAE), are efficient in extracting proteins and pep-
tides from natural sources while preserving their bioactivity [95].
Compared with conventional hydrolysis methods, microwave-assisted
methods enhance the enzymatic hydrolysis of chia seed protein,
improving bioactivity (specifically antioxidant activity) and acceler-
ating the development of desirable properties, such as emulsification
and foaming capabilities [96].

2.6. Polysaccharides and lignin

Polysaccharides derived from different sources are commonly
employed in various fields, including food, feed, paper, packaging,
medicine and pharmaceuticals. Interest in the use of polysaccharides,
especially those with bioactive properties, for novel applications has
grown in recent years because of their biodegradability, renewability,
biocompatibility, non-toxicity, therapeutic effects and health benefits
[97]. Cellulose, hemicellulose, pectin, chitosan and alginate are exten-
sively utilised in food packaging. Moreover, cellulose, hemicellulose,
inulin, p-glucan and pectin prevent diseases by reducing blood choles-
terol levels, regulating post-meal blood glucose and insulin levels and
facilitating food movement in the digestive tract. Alga-derived poly-
saccharides have beneficial biological activity, particularly antioxidant,
antiviral, anticoagulant, antiinflammation, anticancer and antith-
rombotic activity [98]. In addition, chitin and chitosan have antimi-
crobial and antifungal activity because their cationic groups react
electrostatically with anionic groups (proteins and lipopolysaccharides)
on the outer surfaces of bacteria.

Green extraction techniques, such as microbial fermentation, elec-
trochemical extraction (ECE), EAE, MAE, UAE, extraction using
subcritical water (SWE), ILs and DES, have been effectively utilised for
extracting chitin and chitosan from different resources [99]. In this re-
gard, Alcaligenes faecalis and Bacillus coagulans-derived protease were
employed for chitin deproteinisation from shell waste of Litopenaeus
vannamei through proteolytic fermentation [100]. In another study,
SWE was utilised to extract chitosan from swimming crab shells [101].
Chitosan with a molecular weight of 1187.0 kDa and yield of 12.2 % was
obtained at a deacetylation temperature of 90 °C. These values were
comparatively lower than the results obtained from shells treated with
NaOH. The citric acid (1 %) in the SWE improved the promoted
extraction. [102] introduced N-acetyl-D-glucosamine to ternary acidic
NaDESs to enhance the yield and molecular weight of chitin extracted
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from the shell of snow crab (Chionoecetes opilio); the chitin product had a
molecular weight of 392 kDa, purity of 90.2 % and yield of 85.6 %, and
the maximum yield of chitin extraction increased 1.57- and 1.39-fold
relative to the maximum yields obtained using acids or alkalis and bi-
nary acidic NaDESs, respectively.

Lignin, which naturally accounts for 20 %-32 % of plant biomass
weight, consists of aromatic p-coumaryl, coniferyl, and synaphyl com-
ponents. The functional groups of lignin (phenolic, hydroxyl, carboxylic,
carbonyl, and methyl) confer various functional properties, such as UV
blocking, heavy metal absorption, and antioxidant and antimicrobial
capabilities [103]. Chemical pretreatments using sodium hydroxide and
sulphuric acid are the most widely used methods for lignin extraction.
The DES pretreatment of lignocellulose with acidic hydrogen bond do-
nors cleaves ether bonds and is thus highly efficient in lignin extraction
or removal and hemicellulose hydrolysis. [104] performed acid-based
DES pretreatments to extract lignin from willow; their findings indi-
cated that the method was more efficient in removing lignin than DESs
based on acetic acid and propionic acid. Optimal conditions for lactic
acid-based DES pretreatment were choline chloride-lactic acid molar
ratio of 1:10, temperature of 160 °C, and time of 15 min and resulted in
80 % lignin removal and purity exceeded 81 %. All the potential
bioactive compounds in smart packaging and their functional properties
are summarised in Fig. 1.

3. Traditional extraction of bioactive compounds

Procedures for extracting natural substances involve a series of
stages: (1) the penetration of a solvent into a solid matrix; (2) the
dissolution of a solute in the solvent; (3) the diffusion of the solute out of
the solid matrix; and (4) the collection of extracted solutes. Any factor
that enhances diffusivity and solubility during these steps improves the
extraction process. Several variables affect extraction efficiency,
including solvents’ characteristics, the ratio of solvent to solid, raw
materials’ particle sizes, and extraction temperature [105,106]. The
selection of an extraction method significantly impacts the quantity and
quality of bioactive constituents. Hence, it is imperative to carefully
choose a suitable extraction method tailored to the specific compounds
of interest.

Traditional extraction refers to the use of conventional methods for
the bioactive extraction of compounds from natural sources. These
methods, including Soxhlet extraction, hydrodistillation, maceration
and agitated solvent extraction, have been used for centuries and use
chemical solvents, heat and mechanical force to extract desired com-
pounds [46].

Traditional extraction methods have several advantages, considering
factors like their ease of use, affordability and widespread availability.
These methods are commonly employed in the food, pharmaceutical and
cosmetic industries because of their simplicity and variations in polarity
and molecular weight. In addition, traditional methods can be used in
the extraction of a wide range of bioactive compounds from natural
sources [107]. However, the disadvantages of traditional extraction
methods are numerous. A significant drawback is the utilisation of
harmful solvents, which can cause environmental pollution and health
hazards. Petrochemical solvents, particularly n-hexane are subject to
strict regulation following European directives and must undergo a
process of chemical registration, evaluation, authorisation and restric-
tion [108]. They have low yield, selectivity and efficiency and require a
long extended extraction duration and substantial solvent volume [107].
Moreover, they may cause the thermal degradation or decomposition of
some natural products’ structures, which are sensitive to high temper-
atures or light affecting their efficacy and safety [19]. Vinci et al. [109]
discovered that using DESs instead of traditional solvents, such as
methanol and water, increased the extraction yield of polyphenol
compounds in dark chocolate by 35 %. A life cycle assessment (LCA)
showed that conventional solvents had a 60 % impact on various dam-
age impact categories, especially in terms of mineral and fossil resource
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availability. DESs had lower quantitative effects on human health,
ecosystems and resources [109]. Garofalo et al. [110] compared UAE
and a method that uses isopropanol to extract rice bran oil. The results
showed that UAE significantly reduced the extraction time to 1-15 min,
while producing the same yield. Another LCA study demonstrated that
UAE had less environmental impact than conventional methods, with
lower emissions contributing to climate change, ozone depletion and
freshwater eutrophication. Additionally, the UAE operated at room
temperature, thereby reducing energy consumption and production
costs [110].

4. Green extraction techniques for bioactive compounds

The extraction of bioactive compounds from plants, fruit, vegetables
and biological materials with sustainable methods involves the use of
environmentally friendly techniques. The objective of this approach is to
minimise environmental impacts associated with extraction processes
by reducing the use of hazardous chemicals.

4.1. Supercritical fluid extraction (SFE)

SFE is a green extraction method that utilises supercritical fluids
(SFs) as solvents for extraction. SFs are sustained above their critical
temperature and pressure, thus exhibiting the properties of liquids and
gases [111]. These distinctive characteristics result in high solubility
and diffusion coefficients, which ultimately lead to efficient and selec-
tive extraction.

Supercritical carbon dioxide (COy) is the prevailing choice of solvent
in SFE because of its low critical temperature (31.1 °C), high diffusivity,
low viscosity and low toxicity [112]. However, CO is inherently non-
polar, making it an exceptional solvent for extracting non-polar com-
pounds and volatile polar compounds with molecular weight [113].
However, its effectiveness in extracting polar phytochemicals embedded
in the cell wall is relatively diminished. To address this limitation, small
amounts of organic co-solvents, such as water, ethanol and methanol,
can be added to CO; to increase its polarity and solving power. This
procedure is called modified SFE (MSFE) [111].

Terpenoids and some polyphenols are examples of non-polar or
weakly polar compounds that are amenable to extraction through SFE.
SFE and MSFE can be employed to extract these compounds from a
range of plant sources, including herbs, spices, fruit, flowers and seeds
[114]. This extraction technique offers several advantages, including the
ability to operate at low temperatures and employ short extraction times
to prevent the thermal degradation or oxidation of heat-sensitive or
unstable bioactive compounds. Furthermore, it allows the adjustment of
pressure, temperature and co-solvent composition of the SFs to increase
extraction efficiency and selectivity; these parameters influence the
solubility, density, viscosity and diffusivity of the SFs [115,116]. Addi-
tionally, SFEs reduce the environmental impact and extraction cost by
utilising renewable, non-toxic and cost-effective solvents, such as carbon
dioxide, water or ethanol, which can be recycled [117].

During extraction, the utilisation of solid or liquid samples depends
on structures; solid samples are usually preferred over liquid samples.
Pre-treated solid samples are packed into columns. Pressurised super-
critical solvents then traverse the columns, effectively dissolving
extractable compounds from the solid matrix. The dissolved compounds
diffuse outward until they reach the separator and undergo separation,
which is often facilitated by a decrease in pressure, an increase in
temperature or a combination of these factors [118].

SFE can be employed in two distinct modes, namely, dynamic and
static, which can be applied individually or in combination during
extraction. In dynamic mode, an SF consistently flows through an
extraction column containing a sample. In the static mode, the sample
absorbs the SF, and no run-off fluid is produced in the extraction column
throughout the process [119].

In SFE, optimising multiple factors is essential, including extraction
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temperature, pressure, co-solvent type, concentration and sample size.
These factors play a pivotal role by augmenting the extraction efficiency
of specific compounds and are intricately linked to the solubility and the
degree of mass transfer resistance exhibited by raw materials [120].
Ensuring the highest possible solubility of extractable compounds in SFE
is of paramount importance because it exerts a substantial impact on the
extraction’s efficiency and the overall quality of the resulting extract
[113]. SFE allows the adjustment of the solvent strength and selectivity
of SFs and can thus be seamlessly integrated into gas chromatography or
SF chromatography [121]. The benefits of SFE have been thoroughly
documented, encompassing its swift processing, applicability for
extracting volatile and heat-sensitive compounds, enhanced productiv-
ity leading to large yields, diminished solvent usage and environmental
compatibility using safe solvents. Thus, SFE holds a central position in
diverse fields, including food science, pharmaceuticals, agriculture and
cosmetics [122].

Presently, substantial effort has been dedicated to the valorisation of
food waste, and SFE remains the optimal technique for extracting
valuable compounds from agro-industrial by-products. These extracts
have sustainable applications in the food industry because they contain
high amounts of phenolic compounds, which exhibit robust antioxidant
properties [123-125]. As an example, the extract obtained from mango
peel has been effectively employed as a natural antioxidant in sunflower
oil to manage lipid oxidation. The ideal extraction parameters for this
purpose were identified as 25 MPa pressure, 60 °C temperature and a
solvent system consisting of 15 % ethanol in water, utilising a
Box-Behnken design for optimisation [126]. SFE has demonstrated its
versatility and wide-ranging applications in various fields. These ap-
plications include the extraction of cholesterol and lipids from egg yolk
[127]; extraction of lipids and cholesterol from meat and meat products
[128]; decaffeination of coffee and tea [129,130]; extraction of bioac-
tive compounds [131-133]; fractionation of natural colour, natural
flavour and fragrance from various food sources [134,135]; and sepa-
ration of spices and essential oils [136-139].

4.2. Microwave-assisted extraction (MAE)

MAE employs microwave radiation to facilitate the heating of a
combination of solid and liquid materials leading to the removal of
solutes from a solid matrix into a solvent. The heating process is initiated
through microwave irradiation, which is selectively absorbed by mole-
cules based on their dielectric properties. Temperature is a critical
parameter in MAE and can be modulated by adjusting the duration and
power of microwave irradiation. Alternatively, power intensity can be
directly employed to achieve the desired temperature during extraction
[140].

[141] extracted various sugars (inositols and inulin) from artichoke
external bracts through MAE in conjunction with temperature control.
The findings indicated that the most significant inositol yield was ach-
ieved at a lower heat of 50 °C, whereas better extraction efficiency for
inulin was achieved at temperatures above 120 °C. [142] investigated
the influence of solvent choice on the extraction of polyphenols from
apple tree wood by using various alcohol-water mixtures; these solvent
mixtures led to a higher TPC than that obtained using pure methanol,
ethanol or water as solvents at 100 °C.

MAE is a relatively new method that has gained popularity for its
high extraction efficiency, short extraction time and low solvent con-
sumption. MAE is considered an effective and eco-friendly method to
extract various compounds from different plants, such as alkaloids,
polyphenols and carbohydrates [143].

[144] demonstrated that MAE is appropriate for extracting alkaloids
and polyphenols from berberis roots, which are widely used for their
medicinal properties; they optimised the MAE conditions using
multiple-component analysis and reported higher berberine, palmatine,
TPC and antioxidant activity than those obtained with conventional
methods. [145] reported that MAE is suitable for extracting
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carbohydrates from roasted coffee beans, which are important for the
flavour and aroma of coffee. The study found that MAE increased the
extraction of mannose, galactose, arabinose, xylose, glucose and fruc-
tose from coffee beans compared to conventional methods. However,
MAE is not suitable for extracting compounds that are sensitive to high
temperatures, such as some vitamins, enzymes and proteins [146]. MAE
may also degrade some thermolabile compounds, such as anthocyanins,
flavonoids and carotenoids [147]. Moreover, MAE may not be suitable
for extracting compounds that are strongly bound to the matrix or have
low solubility in the solvent [146].

The choice of MAE relies on various factors, including the types and
properties of the bioactive compound, such as polarity, stability, solu-
bility and molecular weight, and the type and properties of solvents,
including polarity, dielectric constant, boiling point, viscosity and
toxicity. The microwave power and temperature affect the heating rate,
extraction time and extraction yield, while the sample-solvent ratio
affects the solubility. Moreover, the contact sample surface area and
mass transfer of the compounds depend on the penetration and ab-
sorption of microwave radiation, and the uniqueness of the matrix, such
as its composition, structure, moisture content and particle size
[144,146,148]. In research by [144] a multi-component analysis and
MAE were employed to extract berberine and palmatine from berberis
roots. The highest recovery of the berberine and palmatine was obtained
at microwave power of 598 W, irradiation time of 2 min, solvent of
methanol 100 % at pH 2.0 and sample to solvent ratio of 1:70 (g/mL),
which yielded 46.38 mg/g berberine and 20.54 mg/g palmatine.

4.3. Ultrasound-assisted extraction (UAE)

UAE is a method that employs ultrasound energy and solvents to
extract specific compounds from diverse plant matrices [149]. This
technique relies on the occurrence of acoustic cavitation, wherein
bubbles form and collapse within a liquid medium under the influence of
ultrasound waves. The implosion of these bubbles results in the gener-
ation of shockwaves, shear forces and localised heating, all of which
contribute to the disruption of cell walls and enhance the transfer of
solutes to solvents [150].

Some of the compounds that can be extracted by UAE are phenolic
compounds, such as phenolic acids and flavone glycosides [150-152].
The ultrasonic technique is a well-established eco-friendly bio-refining
technology primarily because of its capacity to lower cost, minimise
energy consumption and yield high output. Furthermore, the ultrasonic
technique has found widespread application in the food industry
because of its effectiveness in expediting chemical reactions through
cavitation [153]. Ultrasonic waves can induce alterations in the internal
structure of food matrices [154]. Therefore, this process promotes the
liberation of bioactive compounds from plant matrices after cell
disruption [155]. Ultrasound generates more biomolecules within a
short extraction period than conventional extraction methods [156].
The quality of phenolic compounds and the overall concentration of
polyphenols in various matrices extracted using ultrasound are contin-
gent on factors, such as solvent volume and polarity, ultrasound in-
tensity and extraction temperature [157] in addition to extraction time
[158].

UAE inhibits enzyme-induced browning, which has a substantial
effect on a product’s quality and shelf life. To reduce losses, the problem
of browning in freshly cut fruit and vegetables must be solved [159].
Ultrasonic treatment with purslane water extract effectively mitigated
browning in potatoes, demonstrating the potential anti-browning ben-
efits of ultrasonic technology. Ultrasonic waves can enhance the various
physical properties of compounds, including suspension, particle size,
viscosity, colour, pH, acidity and stability. The stability of bioactive
compounds is a critical factor in the assessment of bio-accessibility.
[160] demonstrated that UAE extracts had low oxygen levels,
providing an environment conducive to carotenoid retention. Addi-
tionally, ultrasound can enhance the bio-accessibility of compounds in
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food. Ultrasonic energy can penetrate cell walls, facilitating the release
of target compounds during gastrointestinal digestion. Furthermore,
ultrasonication improves the physicochemical attributes and overall
quality of food products. [161] investigated the effects of UAE on
phenolic compounds in young and aged red wine and utilised ultrasonic
baths and ultrasonic probes. Treatments with low frequency, amplitude,
temperature and treatment duration showed moderate impact on the
chemical composition of wine.

Ultrasonic energy has been preferentially used to extract bioactive
substances, such as phenolics [162,163], and flavonoids [164-166].
However, UAE is limited because it can promote the degradation or
oxidation of sensitive compounds because of the elevated temperature
and pressure produced by cavitation bubbles. Thus, the method requires
expensive equipment for industrial applications. The effectiveness of
UAE depends on several factors, including ultrasound frequency and
intensity, sonotrode size and configuration, distance between sonotr-
odes and samples and characteristics of solvents and samples. These
factors need to be optimised and controlled for large-scale production
and mitigation of issues related to the exposure of operators to ultra-
sound waves and organic solvents [167]. [168] showed that UAE
augmented the extraction yield and maintaining the physicochemical
attributes of proteins obtained from chickpea, kidney bean and soybean.
Similarly, [169] examined the impacts of MAE and UAE on the extrac-
tion yield and functional characteristics of proteins obtained from pea-
nut flour. The findings revealed that MAE and UAE exerted a substantial
impact on the extraction yields and physicochemical properties of pro-
teins [170].

4.4. Enzyme-assisted extraction (EAE)

EAE employs specialised enzymes to break down the cell wall of a
source material, thereby enhancing the extraction yield of bioactive
compounds [171]. EAE offers several advantages over traditional
extraction techniques; it is highly selective, reducing the use of organic
solvents, increasing quality and bioactivity, and lowering energy con-
sumption; moreover, it uses extracts with low toxicity and mild extrac-
tion conditions and is cost effective and environmentally friendly
[171,172]. The most frequently utilised enzymes for EAE are cellulases,
hemicellulases and pectinases, which can degrade the complex poly-
saccharides of the cell wall and cause the release of bioactive compounds
[173].

However, EAE may be unsuitable for compounds that are sensitive to
enzymatic degradation or have low solubility. Its effectiveness depends
on the type and activity of enzymes used and extraction parameters,
such as pH, temperature and duration. Hence, the meticulous selection
of enzymes and modulation of extraction parameters are essential to
produce bioactive compounds with high yields and quality [171]. EAE
methods vary according to bioactive compounds and matrices. Pro-
teases, such as trypsin or papain, can be used in protein extraction, and
enzymes, such as cellulase and pectinase, can be used in carbohydrate
extraction. Matrices can affect the effectiveness of EAE. Soft matrices are
generally more suitable to EAE than hard matrices.

4.5. Pressurised liquid extraction (PLE)

PLE uses high temperature and pressure (~10 MPa) and accelerates
extraction, increases extraction yield and improves the recovery of
valuable compounds, such as phenolic compounds, from biomass. PLE is
considered an environmentally friendly and sustainable method because
it allows the use of non-toxic and recyclable food-grade solvents, such as
ethanol and water. It maintains a solvent in a liquid state by applying
high pressure and temperature. Compared with conventional extraction
methods, PLE is effective in extracting phenolic compounds. When
processing temperature is higher than a solvent’s boiling point, PLE
systems reduce solvent viscosity and enhance the solubilisation of target
compounds and improve extraction performance by increasing diffusion
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and mass transfer coefficients [174,175]. PLE is used to extract various
components, such as proteins, sugars, phenolics and phlorotannins from
six algal species found in Algeria’s west coast [176]. Additionally, PLE
was used to extract pectin and phenolic compounds from apple pomace
using a 6.5 % (w/v) citric acid solution at a flow rate of 5 mL/min for 40
min [177]. The highest yield of pectin and TPC were achieved at 110 °C,
20 MPa and a solid-liquid ratio of 10, with values of 20.05 % and 16.3
+ 0.3 mg GAE/g, respectively. Although conventional extraction (2 h
with a 6.5 % w/v citric acid solution) resulted in higher pectin yield
(25.27 £+ 1.78 %), PLE yielded higher TPC. The advantages and limita-
tions of various techniques for the extraction of bioactive compounds are
summarised in Fig. 2.

5. Green extraction solvents

The challenging aspects of green extraction are the creation of eco-
friendly solvents and their appropriate selection and application for
specific purposes. Green extraction solvents are more sustainable than
traditional organic solvents, biodegradable and non-toxic. Thus, they
are suitable for the extraction of bioactive compounds from natural
sources. Green extraction solvents have been increasingly used in nat-
ural product extraction because of their minimal impact on the envi-
ronment and human health. The data book of green solvents [178]
classifies over 300 environmentally friendly solvents and offers
comprehensive details about their properties and safety implications
and potential alternative options for each solvent.

[179] categorised green solvents for separation methods into five
primary solvent classes, including aqueous solvent, ILs, DES, bio-based
solvents (such as ethanol, ethyl lactate and p-limonene) and switch-
able solvent systems. The choice of green solvent for a particular
extraction process relies on a multitude of factors, including the type of
the compound, the extraction technique principal and the downstream
processing requirements [180]. For instance, in MAE, polar solvents
with high dielectric constants, including water and ethanol can absorb
and release energy, heat the system. By contrast, solvents with low
dielectric constants, such as hexane, do not respond to microwaves
[140]. Similarly, PLE relies on a large change in solvent dielectric con-
stant at a high temperature [181]. SFE is suitable for extracting oils and
lipids because of the low polarity of CO,, but extracting polyphenols
may require highly polar modifiers that may be incompatible with su-
percritical CO3 [140]. Regardless of the extraction method, the chemical
properties of solvents are essential for enhancing solubility, extraction
recovery and selectivity of target compounds. Understanding these
chemical properties facilitates the selection of suitable solvents for the
optimisation of the yields or purity of desired molecules. Various scales,
such as Rohrschneider polarity, log P and Hansen solubility parameter,
can assist solvent selection [124,140]. The selectivity of solvents de-
pends on specific compounds and can be achieved by using polar or non-
polar solvents or blending them to produce solvents with intermediate
polarity. ILs can act as catalytic agents and facilitate the extraction of
compounds that may not be extractable by other selective solvents.
Similarly, the selectivity of extraction using DESs can be customised by
using specific DESs [140].

The efficacy of green solvents for the extraction of bioactive com-
pounds from natural sources and their potential large-scale applications
have been demonstrated [182,183]. However, additional research is
necessary to enhance extraction conditions and scale up processes and to
make green solvents practical and economically viable.

5.1. Aqueous solvents

Water is the most plentiful and eco-friendly solvent and can be
employed for the extraction of a wide range of bioactive compounds
[184]. Studies on the impact of aqueous extraction conditions (tem-
perature, time and solid-liquid ratio) on antioxidant activity demon-
strated that water extraction is a simple, cheap and environmentally
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Extraction method Advantages
o Ease of use
Conventional o Affordability
o Availability

Supercritical fluid

Microwave

Ultrasonic

Short extraction time
High extraction efficiency
Selectivity

High purity of extract
Reduced solvent usage
Mild extraction condition

High extraction efficiency
Short extraction time
Low solvent consumption

Short extraction time

High extraction efficiency
Expediting the chemical reaction
Inhibiting enzymatic activity
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Disadvantages

Toxic solvents usage
High energy consumption
Low selectivity

Low yield and efficiency
Time consuming
Thermal degradation

Low efficiency for highly polar
and low volatile compounds

Thermal degradation of heat-
sensitive compounds

Degradation or oxidation of
sensitive compounds to
ultrasonic

High equipment costs

Selectively
Enzymatic

o High extraction efficiency
¢ Short extraction time
* Low solvent consumption

Pressurized Liquid

High quality bioactive product
Low toxicity of the extract
Low energY consumption
Mild extraction condition

High extraction efficiency

* Enzyme sensitive degradation
¢ Not suitable for low soluble
material

» Degradation of heat/pressure
sensitive compounds

Fig. 2. Advantages and limitations of different techniques for extraction of bioactive compounds.

friendly solvent for the valorisation of grape pomace as a reservoir of
various compounds [184,185].

5.2. ILs

ILs are essentially organic salts with melting points below room
temperature and are in a liquid state at room temperature and within a
wide temperature range. They have unique properties, such as low
volatility, high solubility and tunable polarity. They can serve as sub-
stitutes for conventional organic solvents in various sample preparation
procedures [186]. ILs are sustainable, non-flammable, easy to prepare,
biodegradable and biocompatible and can dissolve natural compounds
[187,188]. The carotenoid profiles of Chlorella saccharophila were ana-
lysed using four different ILs (1-decyl-3-methylimidazolium chloride,
tetrabutyl phosphonium hydroxide, tetrabutyl hexadecyl phosphonium
bromide and tetrabutyl ammonium hydroxide) and compared with a
methanol solvent. Meanwhile, 40 % (w/v) tetrabutyl phosphonium hy-
droxide (recovery of 2.26 mg/g dry cell weight [DCW] of lutein) was
more efficient for carotenoid extraction than methanol (0.10 mg/g DCW
of lutein) at room temperature. Further optimisation of the extraction
conditions (IL concentration of 40 % w/v, extraction time of 5 min,
solvent: biomass ratio of 0.5 mL/mg and temperature of 25 °C) led to a
10 % increase in lutein extraction. Lutein was three times as stable as
methanol at high temperatures [189]. However, ILs can exert

environmental impacts, including groundwater contamination, soil
sorption, accumulation in aquatic organisms and ecotoxicity [190].
Their solubility in water can negatively affect aquatic life, and their high
stability reduces their biodegradability. The toxicity of ILs is mainly
influenced by the structure of cation and alkyl chain length determining
its hydrophobicity [191]. Long hydrophobic ILs can persist in the
environment, while hydrophilic ILs are more likely to enter aquatic
ecosystems [190]. ILs also have drawbacks, such as high viscosity, high
production cost, limited solute solubility, corrosivity and poor degrad-
ability [191]. Segatto et al. [192] evaluated the sustainability of ILs for
the extraction of mangiferin and hyperoside from mango residue and
compared it with that of ethanol. The results showed that 1-octyl-3-
methylimidazolium chloride had higher mangiferin and hyperoside
concentrations than choline acetate and ethanolic extracts; however, the
yield of the aqueous ethanolic extract was higher than that of the choline
acetate-water mixture; they suggested that the advantages of ethanolic
extracts outweigh those of ILs in terms of economic and environmental
factors, especially when ethanol is obtained through bioeconomy ap-
proaches [192].

5.3. DES

Owing to the limitations of traditional ILs, DESs were developed
from hydrophilic components [193]. DESs are derived from natural
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compounds, such as sugars, organic acids, alcohols, amino acids and
choline derivatives [194] through a combination of two or more com-
ponents in a precise ratio; thus, they have distinct attributes, including
minimal toxicity, heightened solubility and adjustable polarity [195].
These mixtures exhibit a eutectic point temperature below that of an
ideal liquid mixture and demonstrate substantial negative differences
from an ideal mixture. DESs are suitable alternatives to traditional sol-
vents because they are natural, safe, inexpensive, environmentally
friendly, biodegradable and non-toxic and have low synthesis cost and
wide polarity [196]. Moreover, DESs have low vapor pressure; however,
this property can disrupt the separation of phenolic compounds [197].
Thus, scale-up studies are essential for research on industrial applica-
tions [198].

The effectiveness of the NADES combined with UAE in extracting
polyphenols from Michelia alba was evaluated. The method utilised nine
NADES components. Choline chloride, betaine and L-proline were used
as hydrogen bond acceptors, and ethylene glycol, propylene glycol,
urea, 1,4-butanediol, acetic acid, lactic acid and glycerol were used as
hydrogen bond donors. The NADES composed of L-proline and lactic
acid was found to be the most suitable solvent for extracting polyphenols
from M. alba. The high yield of polyphenols (169.17 mg/g) was obtained
under optimal extraction conditions (17.98 min ultrasonication, 48.52
% water content of NADES and 59.79 g/mL liquid-solid ratio) [199].
Similarly, a study explored the extraction and stability of phenolic
compounds from sunflower meal and used various NADES formulations
as extractors; then, the compounds were compared with 40 % ethanol;
the NADES formulated with lactic acid and glucose in a 5:1 ratio was the
most effective among the formulations, resulting in an extract contain-
ing 1786 mg/L chlorogenic acid; ethanol at 40 % concentration yielded
an extract with 1305 mg/L chlorogenic acid, whereas the choline
chloride-glycerol formulation produced an extract with 807 mg/L
chlorogenic acid. Notably, the antioxidant activity of the extracts did not
align with the chlorogenic acid concentration, and the ethanolic extract
exhibited high antioxidant activity. In terms of stability, the NADES
composed of lactic acid and glucose demonstrated better protection
against heat treatment and storage than the other formulations, and
ethanol showed excellent under light exposure [200].

5.4. Bio-based solvents

Solvents derived from renewable natural residues, such as plants,
fruit and vegetables, exhibit comparable properties to standard solvents
[201]. Commonly utilised bio-based solvents, such as limonene, ethanol,
ethyl lactate, terpenes and CO», can be categorised into esters and ethers
[202]. CO; as SF is widely used as an extraction solvent because of its
distinct characteristics, such as minimal toxicity, high diffusivity and
tunable solubility [120]. Various bio-based solvents, such as alka-
nediols, dihydrolevoglucosenone (cyrene) and gamma-valerolactone
(GVL), are potential alternatives to volatile organic compounds for
extracting bioactive compounds from natural sources. [203] utilised
aqueous and ethanolic mixtures of bio-based solvents, such as cyrene,
GVL and alkanediols in combination with UAE and MAE to extract
phenolic compounds from kiwifruit peels. The optimal mixture of GVL
and ethanol (7:3 wt/wt) yielded extracts with the highest levels of TPC
and antioxidant activity. Of the extraction techniques utilised, MAE
demonstrated the most promising results, yielding extracts with high
levels of TPC and the highest antioxidant activity in a shorter extraction
time. In a similar study, aqueous solutions of 1,2-ethanediol and 1,2-pro-
panediol showed high effectiveness for the extraction of phenolic com-
pounds (quercetin, coumaroylquinic acid, caffeoylquinic acid) from
walnut leaves [204]. A study by Canadas et al. [205] evaluated the
potential use of bio-based solvents, namely, 2-methyltetrahydrofuran
(2-MeTHF) and cyclopentyl methyl ether, as alternatives to ethyl ace-
tate in the extraction of bioactive compounds from winery effluents
obtained through liquid-liquid extraction; the results showed that 2-
MeTHF exhibited the highest extraction efficiency among the
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compounds; gallic acid, protocatechuic acid, 4-hydroxybenzoic acid,
caffeic acid, vanillic acid and syringic acid exhibited extraction effi-
ciency of 96.46 %, 87.44 %, 80.82 %, 92.24 %, 75.18 % and 38.19 %,
respectively; moreover, 2-MeTHF can be recycled without losing its
effectiveness and can be used in the isolation of phenolic antioxidants as
solid fractions [205]. Table 1 summarises the key findings of various
extraction techniques with green solvents to recover bioactive
compounds.

6. Bioactive compounds in smart food packaging

Bioactive compounds as natural substances can be utilised to regu-
late the environment within the packaging, preserve the quality and
visual appearance of packed food and increase shelf life. They can also
be utilised in smart packaging to ensure the freshness, safety and quality
of food products and facilitate the detection of chemical and physical
alterations [214]. Selecting bioactive compounds for food packaging
depends on compatibility with food products, effectiveness and purpose.
They can be encapsulated into nanoemulsions, polymeric nanoparticles,
liposomes or nanofibres and incorporated into packaging materials or
sprayed onto food surfaces [215]. These compounds have drawn
attention because plants contain various pigments, such as carotenoids
and anthocyanins, which can be obtained from agricultural by-products
[216]. Smart packaging using biocarriers includes the use of various
biopolymers and bio-based polymers in the form of encapsulating,
composite and nanocomposite polymeric films. The loading of extract of
Ocimum tenuiflorum in a blend of chitosan and polyvinyl alcohol films
[217], the incorporation of Acai oil in chitosan plasticised films with
DES (choline chloride: glycerol) and the production of starch nano-
composite films containing cellulose nanocrystal and polyaniline [219]
demonstrate the versatility of biocarriers in smart packaging.

Smart packaging systems can be categorised into active and intelli-
gent packaging [220]. Bioactive compounds can be integrated as in-
dicators that can detect microorganisms or alterations in food products’
chemical structures or as antioxidant and antibacterial that enhance the
shelf lives of products through the controlled release of bioactive com-
pounds into the packaging environment (Fig. 3) [221].

The particular attributes and efficacy of such packaging can
considerably vary because of numerous factors, which encompass active
ingredients employed, the composition of packaging materials, the
control regulation of internal gas composition and the characteristics of
enclosed food products [222,223].

However, the use of bioactive compounds for food packaging has
presented challenges related to stability, solubility, bioavailability and
sensory acceptability. The active film of cellulose acetate with natural
antioxidants (such as norbixin, zeaxanthin and lycopene) exerted a
protective effect on the shelf life of sunflower oil, and the films with
norbixin or lycopene exerted a more considerable protective effect
under controlled oxidation condition than zeaxanthin because of the
stability of these pigments [224]. Sensory characteristics (odour, taste
and colour) were below the acceptable limit in flaxseed oil packed with a
bilayer film made of pumpkin oil cake as a source of carotenoids and
maize zein within 25-30 days [225]. Shrimp muscle protein-derived
films containing astaxanthin from shrimp cephalothorax and lycopene
from tomato peel waste showed carotenoid degradation after 1 month of
storage, and commercial p-carotene, lycopene and astaxanthin had
degradation rates of 32 %, 32 % and 17 %, respectively; all the films
released carotenoids in 95 % ethanol, and the highest amount of
astaxanthin was released initially, followed by commercial f-carotene
and lycopene. Lycopene exhibited slower release than the other carot-
enoids because of its interaction with the protein network [226]. In
addition, the stability of bioactive compounds can be affected by film
formation conditions. Carotenoids are stable under low acidity and
neutral conditions, but their stability decreases under alkaline and
acidic conditions. They may be used to enhance the solubility of proteins
or chitosan and promote oxidation and isomerisation [29]. Therefore,
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Table 1
Summary of extraction techniques used for bioactive compounds.
Extraction Solvent Optimum condition Biomass Bioactive compounds Yield Reference
method type
Supercritical CO; ~ Aqueous T66.1°C,t44.9min, SS49.9mL/gand  Phacelia tanacetifolia Flavonoid glycosides and ND [206]
and UAE methanol aqueous methanol 70.1 % Benth. pollen phenolamides
NaDES and UAE Lactic acid Lactic acid, citric acid and glycerol Rosa damascene Mill Phenolic compounds ND [207]
ratio 3:1:2, t 60 min, solvent volume (Flavonoids)
35 mL and water amount in NaDES 30
% (v/v)
UAE, MAE and Ethanol UAE: Ethanol 71 %, t 10 min, T 50 °C,  Sesame cake Polyphenolic lignan UAE: 8.28 %, 105.98 mg [208]
PLE SS 1.50/20 g/mL [sesaminol triglucoside SETRI/g and 16.93 mg
MAE: Ethanol 80 %, t 5 min, T 50 °C, SS (SETRI) and sesaminol SEDI/g
0.85/20 g/mL diglucoside (SEDI)] MAE: 8.75 %, 105.41 mg
PLE: Ethanol 80 %, t 20 min, T 65 °C, SETRI/g and 18.76 mg
SS 2/20 g/mL SEDI/g
PLE: 9.34 %, 108.00 mg
SETRI/g and 18.34 m
SEDIg/g
UAE Aqueous Low ripped: t 75 min, T 40 °C and SS Low/high ripped Anthocyanins Low ripped: 12.487 mg/ [209]
ethanol 1:15 m/v purple tomatoes 100 g
High ripped: t 40 min, T50 °C and SS High ripped: 8.802 mg/100
1:15w/v g
UAE Ethanol Ethanol 94 %, SS 1:25 w/v, t 20 min Babassu mesocarp Phenolic (flavonoid) TPC 5124.86 + 350.13 mg [210]
and T 20 °C (Attalea speciosa) GAE/100 g
Flavonoids 477.45 +
23.07 mg QE/100 g
NaDES Oxalic acid Choline chloride-oxalic acid with a Toona sinensis seeds Phenolic (ellagic acid) TPC 32.58 mg GAE/g DW [211]
molar ratio of 2:1, SS 1:90 w/v, t 30
min
PLE Ethanol T 86 °C and t 39 min Silver birch (Betula Hyperoside and other Yield: 32.2 % [175]
pendula Roth) leaves valuable polar antioxidant- TPC 97.3 mg GAE/g
rich extracts Flavonoid 37.3 mg QE/g
Proanthocyanidin 301.2
mg catechin hydrate E/g.
Hyperoside 54.1 mg/g
Betuloside 18.3 mg/g
Chlorogenic acid 11.5 mg/
8
PLE Distilled T 120 °C, rate 9 mL.min~! and P 10 Yerba mate (Ilex ND TPC 1256.18 mg GAE/100 [174]
water MPa paraguariensis St.- g
Hil.) waste
MAE pre-treated Ethanol MAE: P 675.76 and 669.70 W, t 150 s,  Papaya pulpandpeel =~ ND Pulp: TPC 2.38 % [212]
UAE UAE: T 30 °C and t 19.70 and 16.46 Peel: TPC 1.31 %
min
DES Malic acid Malic acid/choline chloride 2:1, T Poplar wood Lignin 86.9 % [213]
120°C,t4h
Acidic NaDES Formic acid Choline chloride/N-acetyl-D- Crab shell Chitin 85.6 % [102]
Glucosamine/formic acid 1:0.6:1.4, T
130 °C, t 3 h, SS 1:20
Bio-based Ethanol T 50 °C, gamma-valerolactone:ethanol ~ Kiwi waste Phenolic compounds TPC (29.7 + 0.6 mg GAE/g  [203]
solvent, UAE and/or in a ratio of 7:3 (w/w), SS 1:17 and t 6 (epicatechin derivatives) DW)
and MAE water min Epicatechin (2.295 +

0.005 mg/g DW)
Quercetin (0.023 + 0.002
mg/g DW)

Caffeic acid (0.013 +
0.003 mg/g DW)

Abbreviations: ND not determined; T temperature; t time; P pressure; SS solid-solvent ratio; E equivalent; TPC total phenolic content; QE quercetin equivalent; GAE

gallic acid equivalent; DW dry weight.

bioactive substances should be carefully incorporated into smart food
packaging to ensure the stability and effectiveness of the substances.
This approach prevents the degradation and oxidation of the com-
pounds, thereby preserving their functionality [227,228].

One promising solution to overcome these challenges is encapsula-
tion technology, which involves the entrapment of bioactive compounds
within a protective matrix or shell. Encapsulation can improve the sta-
bility, solubility and release of bioactive compounds and mask their
undesirable flavour or odour [17]. It also allows the controlled release of
bioactive compounds in response to specific stimuli, such as pH, tem-
perature and moisture. Assis et al. demonstrated that the incorporation
of B-carotene nanocapsules compared with free p-carotene improved the
interaction with the starch matrix, increasing solubility in aqueous
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media and improving distribution without altering the rapid biode-
gradability and thermal stability of films [229].

Recent advancements in intelligent and active biopolymer-based
films and smart bio-packaging containing bioactive compounds have
been explored [230]. Natural pigments with a wide range of bioactive
properties are suitable colorimetric indicators because of their ability to
detect variations in food pH and intrinsic antibacterial and antioxidant
characteristics.

In general, attention must be directed towards the selection of ma-
terials and additives for smart packaging because they serve as in-
dicators for the immediate environment and products. Moreover,
packaging must be disposable and should maintain its eco-friendly
characteristics after being removed from food items. Consequently,
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integrating bio-based polymers infused with naturally occurring bioac-
tive compounds used as additives emerges as a highly advantageous
solution for the overall betterment of the food industry [231,232].

Continuous advancements in smart packaging technologies empha-
sise the need continual research and development to fully unlock their
benefits [233]. The incorporation of bioactive components extracted
from natural sources, such as plants and minerals, in smart packaging
have been attracting widespread interest because of their potential
contributions to environmental sustainability and ethical production
methods.

6.1. Bioactive compounds in active packaging

Bioactive compounds are utilised as antimicrobial or antioxidant
agents in active packaging to inhibit the proliferation of microorganisms
or prevent the oxidation of lipids in food products. Some substances can
inhibit or kill microorganisms that cause the spoilage or contamination
of food, including nisin, lysozyme, lactoferrin, chitosan, essential oils
and plant extracts [215]. These agents can prolong the shelf life and
maintain the quality of food items. For example, phenolic compounds
have strong antioxidant and antimicrobial activities. Their potential use
as agents that prevent rancidity or microbial spoilage of food products is
of high interest to researchers [234].

Active substances have been incorporated into packaging or coating
matrices to enhance the stability and shelf lives of food products. Active
packaging was prepared using bioactive compounds. For example,
bioactive compounds in rosemary (Rosmarinus officinalis L.) and green
tea (Camellia sinensis L.) were extracted using ethanol and water and
incorporated into a polylactic acid film [235]. Similarly, bioactive
compounds from Penganum harmala were incorporated into sago starch
[236], tea polyphenols were combined with alginate [40] and bioactive
compounds from green tea were incorporated into chitosan [237]. These
applications demonstrated that bioactive materials in packaging or
coating matrices enhance the stability of packaging materials and ensure
the quality and safety of food products. Bioactive compounds extracted
from mango leaf by the mixed solvent extraction of ethanol-CO; have
been used in the production of active nanocellulose films. Active films
showed high antioxidant (84 % inhibition) and antibacterial activity
against Escherichia coli and Staphylococcus aureus [238].

6.2. Bioactive compounds in intelligent packaging

Intelligent packaging is defined as a technological system that can
transmit information, support decision-making processes, ensure prod-
uct quality and issue alerts in response to changes observed in the
external and internal environments of packaging [239,240]. Typically,
indicators for intelligent packaging are small components positioned
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inside a packaging material or affixed to the exterior of the packaging
material [241].

Bioactive compounds in intelligent packaging can be used as natural
colorants that can undergo colour changes in response to specific stim-
uli, such as alterations in pH or temperature. These colorants can act as
visual indicators of the freshness or spoilage of food products. Indicator
bioactive compounds include anthocyanins, betalains, curcumin, chlo-
rophyll and enzymes [242].

Active compounds as intelligent indicators enhance the stability and
function of packaging or coating matrices. As bio-sensors, anthocyanin-
rich compounds extracted from diverse plant sources mostly with bio-
based solvents, such as ethanol and water, are essential to intelligent
food packaging systems [243-245]. Anthocyanins are colorimetric pH-
responsive agents that facilitate the reliable and real-time assessment
of the qualitative attributes of packaged food items.

Key findings of various studies on smart packaging are summarised
in Table 2.

7. Impact of bioactive compounds on the characteristics of
smart packaging

In addition to providing various functionalities to packaging mate-
rials, natural extracts can influence the technological properties of smart
packaging materials. The type and concentration of these extracts
determine the extent of changes in packaging material characteristics.
Chemical interactions between polymers and extracts influence the
structure of packaging materials, thereby affecting their techno-
functionalities [263]. For instance, incorporating red radish anthocy-
anin to the blend matrix of chitosan and zein film significantly altered
the properties of smart films compared to the control. Anthocyanin
addition enhanced the compatibility between zein and chitosan through
new hydrogen bonding, resulted in a more compact, uniform, and ho-
mogenous composite. Lower concentration of anthocyanin increased the
amorphous complex, while higher concentration led to a more ordered
and crystalline structure in chitosan-zein complex. This structural
change was reflected in barrier properties of composite, with lower
anthocyanin concentration enhancing the barrier properties against the
water vapor and gas, while higher concentration decreased them.
Similarly, mechanical properties of composite were affected, so that
tensile strength of composite increased and the elongation at break
decreased. However thermal stability remains unaffected [264].

Furthermore, mixing bioactive compounds can enhance their func-
tional properties, leading to different impacts on matrix characteristics
compared to single bioactive compound. For example, adding antho-
cyanin extract from red cabbage leaves to the polyvinyl alcohol (PVA)-
starch film crosslinked with glutaraldehyde resulted in a partially ho-
mogeneous structure compared to the rough surface with unmixed PVA
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Table 2
Summary of the key findings on bioactive compounds in smart packaging.
Bioactive compounds Extraction methods  Biomass Film Function References
Flavonoids Ethanolic extract Sophora japonica Artemisia sphaerocephala Antioxidant [246]
Krasch. gum

Flavonoids Ethanolic extract Mangosteen peel Porang glucomannan Antioxidant [247]
Antimicrobial

Anthocyanin Ethanolic extract Black soybean seed Chitosan Antioxidant and pH-sensitive sensor ~ [248]

Phenolics, flavonoids, terpenes Ethanolic extract Eriobotrya japonica Lindl. Banana peel flour Antioxidant [249]

leaves
Flavonoid Ethanolic extract Hawthorn berry (Crataegus Alginate Antimicrobial [250]
pinnatifida)

Phenolic compound Aqueous extract Rosmarinus officials L. Gelatin Antioxidant and antimicrobial [251]

Anthocyanins Ethanolic extract Coleus grass Chitosan pH-sensitive sensor [252]

Anthocyanins Aqueous extract Bougainvillea glabra Potato starch pH-sensitive sensor [253]

Anthocyanins Aqueous extract Purple cauliflower Alginate/chitosan pH-sensitive sensor [254]

Phenolic compound Aqueous extract Rosemary extracts Whey protein concentrate Oxidative stability enhancement [255]
(sunflower seeds)

Phenolic compounds Aqueous extract Fenugreek seeds Carrageenan Antioxidant and antimicrobial [256]
activities

Phenolics (chlorogenic acids) Ethanol-water Green coffee oil Carboxymethyl cellulose Antioxidant and antimicrobial [257]

ultrasonic agents
Phenolic compounds Aqueous extract Guabiroba pulp Gelatin and corn starch Active biodegradable packaging [258]
Protein, vitamin, polyphenols, Aqueous extract Seaweeds Chitosan Antioxidant [259]
carotenoids, tocopherol
Phenolic compounds Ethanol aqueous Apple Chitosan Antioxidant activity [260]
solution Antimicrobial properties

Phenolic compounds Ethanolic extract Spirulina extract Chitosan Antioxidant activities Antibacterial [261]
activities

Polyphenols Aqueous extract Immortelle (Helichrysum Alginate Antioxidant [262]

italicum)

granules in control. Addition of propolis extract to mixture intensified
the homogeneity and smoothness of the composite surface, possibly due
to the reducing intermolecular forces between polymer chains and
increasing chain distance. Anthocyanin alone (5 %) did not affect the
crystallinity and mechanical properties of PVA-starch matrix, while
propolis extract incorporation decreased crystallinity and elongation
while improved tensile strength in presence of anthocyanins. The cross-
linking effect of propolis was attributed for this observation. Phenolic
compounds in both bioactive compounds reduced water vapor perme-
ability due to the possible hydrogen interactions with PVA-starch matrix
[265]. Similarly, integrating a layer of antibacterial agents of chitosan
and tea polyphenols to polylactic acid (PLA)-starch acetate composite
enhanced the matrix crystallinity. Although chitosan coating alone
reduced the thermal stability of composite, addition of tea polyphenols
to chitosan improved thermal stability due to strong hydrogen bonding
with PLA-Starch acetate complex. Chitosan coating improved the me-
chanical properties of composite due to the possible crosslinking of
amino and hydroxyl groups of chitosan with PLA, whereas integration of
tea polyphenols had no significant effect the mechanical properties
[266].

Moreover, the interaction between the extracting solvent and matrix
can affect the final characteristic of the smart film. For instance, incor-
porating anthocyanin extracted from black rice (Oryza sativa L.) using
NaDES (lactic acid and fructose) into PVA reduced PVA crystallinity due
to the hydrogen bonding and plasticizing of effect of NaDES. This
resulted in improved elongation and flexibility of the film and reduced
tensile strength and water vapor permeability. NaDES extract led to a
rough surface morphology of the PVA film due to the probable solvent-
matrix interactions and faster solvent uptake ratio. The bioactive film
exhibited lower glass transition (Tg) and melting temperatures (Ty,)
compared to the control PVA, suggesting easier processing for com-
mercial application [267]. The effects of various bioactive compounds
on physicochemical and structural properties of different smart pack-
aging are summarised in Table 3.
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8. Application of smart packaging to various food products
8.1. Fruit and vegetables

The incorporation of bioactive compounds into packaging materials
to preserve the quality and extend the shelf life of fruit and vegetables
has been extensively explored. Bioactive compounds, including antho-
cyanins, carotenoids, phenolic compounds, antioxidants and antimi-
crobials, in packaging materials have used to preserve various types of
fruit and vegetables [249]. Herbal extracts have incorporated into edible
polysaccharide films and coatings. Herbs are rich in vitamins, minerals
and antioxidants and have potential applications as nutraceuticals and
medicine. These extracts, including aloe vera gel, lemongrass, rosemary,
tulsi and turmeric, are integrated into edible coating, thereby extending
the shelf lives of fruit and vegetables [274].

[275] investigated the use of pectin-based films incorporating
essential oils for strawberry preservation; the packaging significantly
improved the antimicrobial properties of strawberries, effectively
reducing fungal infections and enhancing their antioxidant capacities.
[249] investigated the extract of Eriobotrya japonica Lindl. leaves into
films made from banana peel flour. The films remained biodegradable
and showed potential for use as coatings to extend the shelf life of
perishable food. In a similar study, a composite film made of chitosan
and banana peel extract with varying content (4 %, 8 % and 12 %) was
developed. The composite film containing 4 % banana peel extract
exhibited the best properties among the tested formulations. These films
showed reduced hydrophilicity, improved mechanical properties and
excellent antioxidant activity when compared with pure films. When
used to coat apple fruit, composite films enhanced the postharvest
quality of fruit [39].

8.2. Meat

Bioactive compounds can be incorporated into edible films or coat-
ings applied to the surfaces of meat products to prevent spoilage and
deterioration. For meat products, this feature is crucial to the prevention
of microbial growth and the oxidation of products. Food packaging with
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Table 3

The key findings of various bioactive compounds impact on the different char-

acteristics of smart packaging.

Type of
polymer

Type of bioactive
compound

Characteristics

Reference

Chitosan Chitosan nanoparticle
(CN, 49.47 % wt) and
propolis extract (PE,
0.89 % wt with
concentrations of 10-

30 %)

Cellulose Purple sweet potato
anthocyanin (PSPA)
(83.33 % wt) and

oregano essential oil

(OEO) (4 % wt)

nanofibre

K-Carrageenan Lignin (0-30 % wt)

Crystallinity: 1 with CN
and | with PE.
Morphology: The
average roughness
lwith CN and 20 % PE.
Contact angle: 1 with
CN without (from 0 to
15.23°) and with 30 %
PE (21.17°).

Barrier: WVDC | with
CN without (from 7.44
t0 6.22 x 10~® cm?/s)
and with 30 % PE (2.11
x 107 em%/s).
Mechanical: hardness 1
with CN without (from
19.1 to 30.0 MPa) and
with 20 % PE (34.4
MPa) - Elasticity < with
CN; it 1 with the blend
of CN and 10 % PE
(from 1 to 2.6 GPa).
Crystallinity: | with
either PSPA or OEO.
Morphology: PSPA and
OEO 1 surface
homogeneity and
microstructure density
without phase
separation.

Optical: PSPA and OEO
| the UV-Vis
transmission rate.
Contact angle: 1 with
OEO (from 49.4 to
52.9°), | with PSPA
(30.1°), t with PSPA-
OEO (57.6°).
Mechanical: TS and YM
1 with PSPA, OEO, and
PSPA-OEO - EAB |
except with PSPA.
Crystallinity: | with
lignin.

Morphology:
homogenous
distribution of lignin up
to 10 % without
aggregation, void, and
crack.

Thermal: T, Ty, and
thermal stability twith
lignin.

Optical: UV, (320-400
nm), UVg (280-320 nm)
and visible
transmittance (600 nm)
| with lignin (1-30 wt
%).

Contact angle: 1 (from
58.7 to 78.5°) with
lignin.

Water sensitivity:
moisture content and
swelling ratio | with
lignin.

Barrier: WVP | (from
2.59t01.41 x 10-9g/
m? Pa) with lignin
concentration < 25 wt
%.

Mechanical: TS 1 (from

[268]

[244]

[269]
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Type of Type of bioactive Characteristics Reference
polymer compound

18.8 to 27 MPa) and

EAB 1t (from 17.9 to 28

%) with 15 % lignin.
Sago starch Bauhinia Kockiana Morphology: t the [270]

Cassava starch-

polyvinyl
alcohol

Carrageenan-

cellulose

nanofiber

Potato starch

extract (BKE) (1-3.75
mg/g)

Aronia melanocarpa
anthocyanins (AMA)
(1-2 % wt)

Eugenol (Eu) (0.1-0.5
v/V)

Tannin from Castanea
sativa (CT) (0-3 % wt)

surface roughness and
|the compactness with
BKE.

Water sensitivity:
Moisture content, water
solubility and swelling
index 1 with BKE.
Barrier: WVP 1 with
BKE.

Mechanical: TS 1 and
EAB | with low
concentration of BKE
(<1.25mg/1 g).
Morphology: with 1 % [271]
AMA, more particles on
the surface and smooth
microstructure without
phase separation- with
2 % AMA rough surface
and porous
microstructure.
Thermal: T,, land
melting enthalpy
(AHm) 1 with AMA.
Optical: | luminosity, 1
red tonality, and colour
diversity -| the
UV-Visible
transmittance with
AMA.

Moisture content: |
(from 28.18 to 19.29
and 20.09 %) with AMA
concentration 1 and 2
%.

Barrier: WVP | (from
1.42t01.22 x 107 1%g
m~! 57! Pa) with 1 %
AMA and 1 (1.49 x
107 gm"'s7! Pa)
with 2 % AMA
Mechanical: TS | (from
23.07 to ~10.00 MPa) -
EAB 1t from (~291 to
340 %) with 1 % AMA
and | (~240 %) with 2
% AMA.

Morphology: 1 [272]
microstructure
roughness and
heterogeneity.
Thermal: stability 1
with Eu.

Optical: transparency |
with Eu.

Water sensitivity: water
solubility and moisture
content | with Eu.
Mechanical: TS | (from
56.63 to 34.85 MPa)
and EAB 1 (from 16.15
to 21.47 %) with Eu.
Morphology: surface [273]
heterogenicity
roughness 1 and
compactness and
uniformity of
microstructure < with
CT.

Thermal: thermal
conductivity | with CT

(continued on next page)
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Table 3 (continued)

Type of Characteristics Reference

polymer

Type of bioactive
compound

(from 0.197 to 0.178
W/MK).

Colour: a* t and b* |
with CT.

Contact angle: 1
(from18.6 to 95°) with
1.7 % wt CT.

Water sensitivity: water
solubility 1 with CT.
Mechanical: YM 1 (from
5 tol2 MPa) and EAB 1
(from 54 to 189 %) with
3and 1.7 % wt CT.

Abbreviations and marks: 1 Increase; | decrease; < did not change; T, glass
transition temperature; Ty, melting temperature; WVDC: water vapor diffusion
coefficient; WVP water vapor permeability; TS tensile strength; EAB elongation
at break; YM Young’s modulus.

high antimicrobial and antioxidant activity due to bioactive compounds
has been extensively investigated for meat preservation. The antimi-
crobial and antioxidant mechanisms of bioactive compounds released
over the shelf life of meat are presented in Fig. 4. The active edible
packaging film was developed using semi-refined k-carrageenan con-
taining a water extract of germinated fenugreek seeds. The phenolic
content and antioxidant activity of the films increased as the amount of
germinated fenugreek seeds increased, effectively controlling microbial
growth on fresh chicken breast, showing up to 2.39 log reduction rela-
tive to the control on day 7 and demonstrating its potential for active
food packaging [256].

The composites of PLA and varying limonene concentrations (0 %, 4
%, 6 % and 8 %) extend the shelf life of fresh beef during cold storage.
Increasing limonene content improved the barrier properties of the
composites. The shelf life of beef packed with PLA-limonene films
containing 6 % and 8 % limonene was extended to at least 9 and 12 days,
respectively; the shelf lives of the control and the film containing 4 %

a
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Inhabitation
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limonene were both 6 days [80]. The incorporation of rosemary and
green tea extracts effectively reduced lipid oxidation in beef, as indi-
cated by decreased malondialdehyde formation during 11 days of stor-
age. This result showed that such packaging preserves beef preservation
by combating lipid oxidation [235].

[230] developed pH-sensitive smart edible films using cassava starch
and pomegranate peel powder (PPP) to monitor the freshness of lamb
meat. The incorporation of PPP affected the mechanical properties and
colour of the films, resulting in darker and redder films with increased
TPC and antioxidant activity. These intelligent films changed colour
from red to green during lamb meat storage at 25 °C, enabling the
detection of total volatile basic nitrogen (TVB-N) levels and serving as a
pH-sensitive indicator for meat freshness monitoring.

In another study, sago starch film containing TiO, nanoparticles and
Penganum harmala extract was developed to extend the shelf life of
chicken fillets. The films exhibited increased antibacterial activity
against gram-positive bacteria, reduced water vapor permeability and
improved oxygen barrier properties. Chicken fillets packaged with these
films showed a significant extension in shelf life, with improvements in
various physicochemical and microbiological properties, lasting at least
8 days longer than the control samples during cold storage [236].

8.3. Other food

Beyond the limitations of safeguarding meat and fruit, active and
intelligent packaging is versatile in its ability to protect a wide range of
food products [276]. Smart packaging can help to extend the shelf life
and quality of dairy products, such as milk, cheese, yogurt and butter, by
releasing antimicrobial or antioxidant agents to inhibit the growth of
spoilage microorganisms or prevent oxidation of fats [277]. The anti-
oxidant films produced by blending Artemisia sphaerocephala Krasch gum
and sophora japonica extract, resulted in films with enhanced antioxidant
properties for packaging the lard. The active packaging demonstrated
the potential to reduce oil deterioration, improve quality and preserve
oil effectively [246]. Smart packaging can also be applied to bakery
products, such as bread, cakes and cookies. There are several research
discuss how functional polymers can incorporate active substances, such
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Fig. 4. (a) Illustration of controlled release of bioactive compounds from smart packaging for meat preservation and their (b) antimicrobial and (c) antioxi-

dant mechanisms.
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as antimicrobial or antioxidant agents, to improve the shelf life and
quality of bakery products [278].

Smart packaging can also enhance the safety and quality of seafood
products, such as fish, shrimp and crab. Active packaging films fabri-
cated using PVA containing 2 % green tea extract exhibited the best
performance, reducing moisture absorption and providing effective
antioxidant properties. When applied to packaging dried eel, the active
film significantly preserved eel quality by preventing moisture absorp-
tion and lipid oxidation [41]. In another study, biodegradable packaging
films were developed by alginate and carboxymethyl chitosan hybrid
polymers containing purple cauliflower-extracted anthocyanins. The
smart films exhibited enhanced storage stability, antioxidant capabil-
ities and sensitivity for monitoring shrimp freshness [254].

A user-friendly intelligent food packaging with pH and ammonia
sensitivity was developed by incorporating betacyanin from paper
flowers (Bougainvillea glabra) into potato starch film. The film exhibited
colour changes from pink to yellow in response to pH adjustments from
2 to 13 and detected ammonia levels in water. Although the betacyanin
incorporation improved surface hydrophobicity and water vapor barrier
capacity, the mechanical strength of the film was weakened. When used
as a label for Caspian sprat storage at 4 °C, the colour changes in the label
corresponded with increases in TVB-N and microbial count [253].

In another study, a biodegradable intelligent packaging system by
combining chitosan/fucoidan with coleus grass leaves anthocyanins was
developed to monitor salmon spoilage. The resulting intelligent films
demonstrated improved properties and enhanced antioxidant and anti-
microbial activity and sensitivity to pH changes and ammonia gas [252].

The application of active packaging has also been explored to extend
the shelf life of nuts. PLA active films incorporating rosemary extract
demonstrated the effective reduction of lipid oxidation in almonds,
resulting in an extended shelf life even after 60 days of storage at room
temperature [235]. Besides, active packaging can be considered to
preserve cooked food against oxidation and bacterial growth. Active
edible films created using seaweed (Himanthalia elongate) extracts
indicated higher antioxidant activity and effectively prolonged the shelf
life of fish burgers by controlling pH, reducing microbial growth and
minimising lipid oxidation [259].

9. Green extraction principles, concepts and challenges

Green extraction is a rapidly evolving field that has gained consid-
erable interest in recent years. It involves the development and imple-
mentation of extraction methods that are environmentally friendly and
use green solvents, alternative energy sources and innovative technol-
ogies [20]. One of the main challenges facing green extraction is the
need to balance sustainability and efficiency [21]. Green extraction
methods should be effective in extracting target compounds while being
economically feasible, scalable and compatible with existing industrial
processes [279]. Another challenge is the lack of standardised meth-
odologies for assessing the sustainability of green extraction methods.
One of the reasons is that sustainability is a complex and multifaceted
concept that is difficult to quantify and measure [280].

9.1. Principles and concepts

The concept of green extraction is rooted in the principles of green
chemistry, which aim to reduce the use and generation of hazardous
materials throughout the entire lifecycle of a product, including pro-
duction, use and disposal [280]. To safeguard the environment, ensure
consumer protection and promote competitiveness in industries through
ecological, economic and innovative practices, the concept of extrac-
tion, adhering to the six principles of environmentally friendly extrac-
tion of natural products, has emerged as a solution to address the current
issues. Central to this approach is the notion of the ‘green extract’, ob-
tained through methods that minimise environmental impact and pri-
oritise eventual recycling. This green extract represents a

15

International Journal of Biological Macromolecules 267 (2024) 131537

comprehensive value chain encompassing economic and responsible
practices throughout the entire process, including plant production,
harvesting, extraction and separation, formulation and marketing. [21]
have evaluated the six principles of green extraction as follows (Fig. 5).

9.2. Emerging trends and challenges

Plant-based extracts and products have a rich historical legacy in
diverse cultures and have been used in cosmetics, perfumes, medicine,
food ingredients and dyes. However, the emergence of petroleum-based
methods resulted in a transition from biomass as a primary source [281].
Plant-based extraction offers a solution as an ecologically and
economically sound chemistry, aligning with the principles of green
chemistry [282]. Extraction plays a crucial role in the separation pri-
mary and secondary metabolites from plant materials, but conventional
processes have limitations, such as low recovery rates and high energy
consumption [19]. The demand for efficient and green extraction
methods is crucially important. The concept of green extraction address
challenges by intensifying processes, reducing solvent usage and
considering the environmental impact [283]. It involves a comprehen-
sive approach that encompasses the entire value chain, from production
and harvesting to formulation and marketing, and focused on economic
and responsible practices. Green extraction represents an opportunity to
protect the environment, meet consumer demands, enhance industry
competitiveness and foster innovation in the 21st century [20].

Green extraction is a rapidly growing field that offers a sustainable
and efficient alternative to conventional extraction techniques owing to
the development of non-toxic, non-flammable and biodegradable alter-
native solvents. Research into green extraction has expanded, encom-
passing an extensive array of solvents, technologies and practical
applications. The future of green extraction is promising, and continued
research and innovation has led to the formulation of novel and
enhanced approaches for extracting bioactive compounds, natural
products and other valuable materials.

10. Conclusion

The demand for eco-friendly food packaging has necessitated the
development of innovative solutions, leading to the emergence of
intelligent packaging. Integrating bioactive elements obtained from
natural sources, such as phenolic compounds, carotenoids and peptides,
into smart packaging improves functionality and expands applications.
This research underscores the pivotal role of bioactive compounds in the
enhancement of the functionality of smart packaging and improvements
in food stability and shelf life. The strategic integration of bioactive films
as biosensors and colorimetric indicators showcases their versatility,
ensuring consumer satisfaction and food safety.

This approach involves the fabrication of bioactive films that confer
antioxidant properties, antimicrobial capabilities and innovative color-
ation. Bioactive films are effective in enhancing the stability and pro-
longing the shelf lives of food products.

However, the extraction of bioactive compounds presents challenges
because of their complex chemical structures and low concentrations.
Traditional extraction methods are not only time-consuming but also
detrimental to the environment. Green extraction techniques have
emerged as promising alternatives, offering sustainable and eco-friendly
approaches that increase yields, improve product quality and reduce
extraction time. UAE, MAE, PLE and SFE are effective in extracting
bioactive compounds from diverse natural origins. By embracing green
extraction methods, the development of smart packaging can be
advanced, promoting sustainability and efficiency.

Future directions in this field involve the utilisation of bioactive re-
sources that possess enhanced functional properties to address chal-
lenges associated with incorporation of high amounts of bioactive
substances. To comprehend the impact of these new bioactive com-
pounds on the food packaging industry, the environment, human health
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Fig. 5. Six principles of green extraction based on essential inputs and outputs.

and safety, further research is needed. Collaborations among academia,
industry and regulatory bodies are crucial because the demand for
sustainable and intelligent packaging solutions is growing.

One specific area of research might involve advancing extraction
techniques and investigating the synergistic integration of various green
methods to improve efficiency and selectivity. Optimal process condi-
tions are essential to the development of stable, environmentally
friendly and cost-effective materials that do not alter the physical,
biochemical and sensory properties of food. These developments should
align with the principles of circular bioeconomy and sustainable pro-
duction, and residues generated during extraction may find novel ap-
plications as biofertilisers, additives or energy sources. Innovative
formulations and delivery systems can enhance the stability, bioavail-
ability and targeted delivery of bioactive compounds. Another impor-
tant aspect of the future is in-depth compound characterisation, going
beyond identification and quantification to explore the biological ac-
tivities and mechanisms of action of the extracted compounds. Over-
coming challenges and capitalising on opportunities in this field will
contribute to the realisation of smart packaging solutions that are
environmentally friendly and economically viable.
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