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Abstract: Cyclodextrins (CDs) have been used by the pharmaceutical and food industries since
the 1970s. Their cavities allow the accommodation of several hydrophobic molecules, leading to
the formation of inclusion complexes (ICs) increasing the guest molecules’ stability, allowing their
controlled release, enhancing their water solubility and biodisponibility. Due to these, CDs and
their ICs have been proposed to be used as potential allies in food packaging, especially in active
packaging. In this review, we present the many ways in which the CDs can be applied in food
packaging, being incorporated into the polymer matrix or as a constituent of sachets and/or pads
aiming for food preservation, as well as the diverse polymer matrices investigated. The different
types of CDs, natives and derivatives, and the several types of compounds that can be used as guest
molecules are also discussed.

Keywords: polymers; food packaging; active packaging; cyclodextrins; natural preservatives; inclu-
sion complex

1. Introduction

Discovered in 1891 from starch degradation by the action of the microorganism
Bacillus amylobacter, cyclodextrins (CDs) were patented for the first time almost sixty
years later as an important agent for obtaining drug inclusion complexes (ICs) [1]. However,
it was only in the 1970s, when toxicological studies ensured their innocuousness, that their
use by the pharmaceutical industry in fact began, being used to this day in the elaboration
of drugs, cosmetics, and hygiene products [2]. CDs have become an essential ingredient for
these areas as they act as carriers of substances of interest, promote the controlled release
of drugs, and increase the water solubility of poorly soluble compounds, enhancing their
biodisponibility [3–5].

Biotechnological advances that occurred between the 1970s and 1980s allowed the
large-scale production of more purified CDs, increasing the interest in their use by sectors
other than Pharmaceutical and Biomedical. In food-related areas, for example, their use
was firstly authorized in the late 1970s, in Japan, in the production of spices, chocolates, teas,
among other products. However, it was only in the early 2000s that the CDs entered the list
of substances generally recognized as safe (GRAS) from the Food and Drug Administration
(FDA), being recognized as a food additive [1,6]. Nowadays, enzymes involved in the
formation of cyclodextrins from starch can be found in the market, as well as several
types of cyclodextrins and their inclusion complexes for both pharmaceutics and food
usage [7–10].

In addition to the aforementioned properties, CDs are also able to form complexes
with a wide range of substances, from small molecules of low molecular weight to bigger
compounds, depending on the type of CD used [11–13]. Besides, they can increase the
stability of the guest molecules against external factors such as temperature, light, and
oxygen [14,15]. Due to these, the CDs have come to be considered potential additives
for packaging with active properties, especially when the active compound can be easily
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degraded or oxidized [16]. Since the production of packaging generally involves the
use of high temperatures for polymers to melt, the use of several active compounds
becomes unfeasible due to their thermal instability, an obstacle that can be overcome when
performing the complexation of these substances with CDs. In this context, this review
aims to discuss CDs as promising additives in food packaging. The different types of CDs,
the mechanisms involved in the complexation process, and the incorporation of CDs into
polymeric matrices aiming to obtain packaging with varied properties will be presented
and discussed.

2. Natural and Modified Cyclodextrins
2.1. Structure, General Characteristic and Properties of Interest

CDs are cyclic molecules composed of glucose subunits linked through α-1,4-glycosidic
bonds. Their classification is made according to the number of glucopyranoses units, being
α-CD (6 units), β-CD (7 units), and γ-CD (8 units) the three native or “parent” CDs [17].
CDs containing 9 or more glucose units in their structure are also described in the literature
and have been conventionally named large ring CDs [18]. The cyclic conformation and
molecular arrangement of the hydroxyl groups give the CDs a toroidal shape, similar to a
hollow cone, with an external face of polar nature due to the presence of hydroxyl groups,
and a non-polar cavity, in which hydrophobic compounds can be accommodated [2].

One of the main characteristics of CDs of importance for application in food-related
areas is their water solubility. Native CDs have a certain solubility in water, γ-CD being the
most soluble of the three (249 mg·mL−1) and β-CD the least soluble (18.5 mg·mL−1) [19].
Such functionality allows, by forming ICs with nonpolar compounds, that the solubility
of the guest molecule when compared to the pristine substance to be increased, conse-
quently enhancing its bioavailability in the medium. In general, the formation of inclusion
complexes with CDs also allows the controlled release of the compound of interest and
protects unstable substances from external factors as well as from undesirable interactions
that may occur in the environment, being an interesting alternative for the food packaging
industry [14,19,20]. The main properties of the native CDs, as well as their commercial
names, are briefly described in Table 1.

Table 1. Main properties of α-, β-, and γ-cyclodextrins.

Property α-Cyclodextrin β-Cyclodextrin γ-Cyclodextrin

Commercial name on the
Market

Cavamax® W6 [8], Trappsol®

Native Alpha [10]
Cavamax® W7 [8], Kleptose®

[9], Trappsol® Native Beta [10]
Cavamax® W8 [8], Trappsol®

Native Gamma [10]

Functions on Markets
products

Solubilizer, stabilizer, delivery
of drugs [8,10]

Solubilizer, stabilizer, delivery
of drugs and taste-masking

agent [9,10]

Solubilizer, stabilizer,
stabilization enhancer,

delivery of drugs [8,10]

Number of glucose subunits 6 7 8

Molar mass (g·mol−1) 972 1135 1297

External size (nm) 1.4–1.5 [19] 1.5–1.6 [19] 1.7–1.8 [19]

Internal diameter (nm) 0.47–0.52 [21] 0.60–0.80 [21] 0.75–1.00 [21]

Water solubility at 25 ◦C
(mg·mL−1) 145 [21] 18.5 [21] 232 [21]

Solubility in organic solvents

Insoluble in chloroform,
isopropanol, acetone, ethanol,
glycerin, methanol, and ethyl

ether. Soluble in propylene
glycol (10 mg·mL−1),
dimethyl sulfoxide
(20 mg·mL−1), and
dimethylformamide
(540 mg·mL−1) [21]

Insoluble in chloroform,
isopropanol, acetone, ethanol,

methanol, and ethyl ether.
Soluble in dimethyl sulfoxide

(350 mg·mL−1), ethylene
glycol (210 mg·mL−1),
dimethylformamide

(320 mg·mL−1), and glycerin
(43 mg·mL−1) [21]

Insoluble in chloroform and
ethyl ether. Soluble

(>1 mg·mL−1) in isopropanol,
acetone, ethanol, and

methanol [21]
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2.2. α-CD

α-CDs are constituted of 6 subunits of D-glucopyranoses, being obtained enzymatically
from starch and its derivatives, and, among the native CDs, they are the ones with the
smallest internal diameter, ranging from 0.47 to 0.52 nm [22]. As functional properties, these
molecules have moderate solubility in water (almost eight times greater than that presented
by β-CDs, but less than γ-CDs), relative thermal stability, stability under extreme conditions
of pH (alkaline and acidic solutions), and slightly pronounced sensory characteristics
(imperceptible taste and odor) [23]. The molecule was granted GRAS status by the FDA
in 2004 (GRN 000155), and in 2016, the agency waived the requirement for pre-marketing
approval, provided it meets the maximum level of 3% (w/w) in processed foods and 1.05%
in beverages [24].

Among the applications of α-CDs in the Food Industry, it is worth mentioning their
role as an emulsifier agent, as a functional ingredient, and as a carrier and stabilizing
agent for different molecules, such as hormones and flavorings [25–27]. Furthermore, its
ability to act as a host for smaller bioactive components opens doors for its use in the
development of active packaging. Besides, when we talk about sustainable packaging,
the water solubility of α-CDs can be an advantage since several biopolymers investigated
are dispersible in water [28–31]. In addition, the chemical structure of α-CDs makes their
hydrolysis impossible by human saliva, as well as pancreatic amylases. Therefore, this
characteristic gives a probiotic character to these substances and a possible application as
dietary fibers [32].

2.3. β-CD

Among the three native types of CDs, β-CD is the most used and studied due its
low cost when compared to the other two CDs, its good complexation efficiency, and the
size of its cavity, which, in practice, allows a good accommodation of a large amount of
molecules [14,19,33–40]. About 90% of the CDs produced and consumed are β-CDs [41]. In
addition, the internal diameter of the β-CD’s cavity makes it popular in the pharmaceutical
industry since it is suitable for the inclusion of several substances with a molar mass
between 200–800 g·mol−1 [22]. However, the β-CD low water solubility is a disadvantage
and the reason why CD derivatives were developed with various substituents (methyl,
carboxymethyl, hydroxypropyl, sulfobutyl, among others) [42]. Hydroxypropyl-β-CD and
randomly methylated β-CD, for example, have water solubility greater than 600 mg·mL−1,
a much more considerable value than the solubility of the native β-CD [2].

2.4. γ-CD

The last native CD to be discovered (1935), γ-CD consists of 8 subunits of glucopy-
ranose, with a larger internal diameter among the three native molecules [22,43]. Due to
its high solubility in water, γ-CD can be used as a solubilizing agent by carrying highly
hydrophobic molecules [44,45]. Considering the pharmaceutical industry, several inclusion
complexes γ-CD-based containing bioactive molecules tend to form aggregated structures
in aqueous solutions, indicating potential activity as a drug-containing vehicle [44,46].
Other applications include the production of cosmetics (e.g., increased stability and sol-
ubility of components) [47]; chemical industry (e.g., separation of isomers, functional
groups, homologous and enantiomers) [48]; textile industry (e.g., restoration of colors,
good completion of cotton-based materials) [49]; and agriculture (e.g., immobilization of
fragrances and repellents, reduction of the risk of contact with chemicals, increased effect
of pesticides) [50].

2.5. Large Ring CDs

CDs composed of more than 8 units of glucopyranoses are known as large rings CDs
and were first described in 1948. Compared to the other CDs, fewer studies have been
conducted on this broad group of molecules [1]. In fact, some CDs can have more than
100 glucose units, which can be obtained through the use of specific enzymes or very
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specific conditions of temperature and incubation time [51]. The difficulties associated with
their purification and very low yield are barriers to their use on a larger scale [52]. More
recently, however, some works have been described in the literature seeking alternatives
for the production and purification of large ring CDs, also aiming for their application by
the chemical, pharmaceutical, and food industries [52].

2.6. Modified CDs

Although it has been discussed in the literature that the complexation with CDs
can increase the guest compound solubility in water, the native CDs present limited
solubilization in the solvent. β-CD, for example, the most affordable and the most suitable
for the inclusion of substances due to its cavity volume, is also the least soluble of the three
natives CDs, which is a disadvantage. In this regard, synthetic derivatives were developed
from the substitution of hydroxyl groups in the structure of the original CD, conferring
different properties and improving the molecule solubility in water, consequently, opening
a wider range of applications [2,4,42,53].

The CDs’ derivatives can be classified into three groups: anionic, cationic, and non-
ionic, depending on the inserted group [54]. As an example of anionic derivatives, we can
cite the sulfobutylether-β-CD and the per(6-carboxylate)-CD, which have potential in phar-
maceutical research for controlled released and advanced targeted delivery of drugs [55].
2-Hydroxypropyl-β-CD (HP-β-CD) is an example of a non-ionic structure largely studied
both in pharmaceutical and food-related areas, and permethylated propylenediamine-β-CD
is one of the synthesized cationic derivatives [54,56,57].

3. Preparation of Inclusion Complexes

The nonpolar cavity of CDs is a favorable environment for the accommodation
of molecules of hydrophobic nature and varied sizes, molecular weight, and geometry
(Figure 1). In the literature, there are several reports concerning the complexation of native
or derivatives CDs involving both solid or liquid compounds, diverse drugs [46,53,55,56],
essential oils (EOs) and their constituents [12,20,34,35], flavoring agents and pigments [4,5,58,59],
as well as natural antimicrobials [12,35,40]. In Table 2, examples of ICs obtained from the
complexation of the different types of CDs with several molecules are displayed.
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Figure 1. Representation of the entrapment of a guest molecule in the cyclodextrin’s cavity. 
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Table 2. Inclusion complexes obtained with several types of guest molecules and cyclodextrins (CDs).

CD Guest Molecule Main Effects of Complexation Reference

HP-γ-CD Ferulic acid Accelerating dissolution of
oral-introduced medicinal products [60]

HP-β-CD Glabridin Increased water solubility and
bioactivity [61]

β-CD Basil and Pimenta dioica EOs Increased the EOs thermal stability [38]

α-CD Moringin Increased water solubility and
verification of anti-inflammatory effect [62]

HP-γ- and HP-β-CD Cinnamaldehyde

Increased thermal stability, increased
solubility and dissolution in water,

maintenance of antimicrobial activity
against Escherichia coli

[63]

HP-γ- and HP-β-CD Curcumin Increased solubility in water, which
promoted higher antioxidant activity [64]

HP-γ-, HP-β-, and
methyl-β-CD (M-β-CD) Thymol

Reduced volatility, increased water
solubility, rapid disintegration in water,

increased thermal stability
[65]

α-,β-, HP-β-, γ-CD, randomly
methylated CD (RAMEB), and

low methylated CD
Estragole

Higher photostability and antioxidant
activity, controlled release of the guest

molecule
[20]

β- and γ-CD Rosmarinic acid
Increased stability, solubility,

bioavailability, antioxidant and
anti-inflammatory activities

[66]

γ-CD Quercetin Increased water solubility of the guest
molecule stability [67]

α-CD Allyl sulfide Controlled release of the guest molecule [68]

HP-β-CD, HP-γ-CD and
M-β-CD Linalool

Increased thermal stability, rapid
dissolution and controlled release of
the active compound, antimicrobial
activity against Gram-positive and

Gram-negative bacteria

[69]

β-CD Garlic EO Thermal protection [14]

There are many methods for preparing inclusion complexes and the choice of each
one will depend on the cost of the process, yield, processing time, and equipment avail-
ability [19]. The kneading method, for example, is a low-cost method that provides
the obtainment of high yield ICs and, compared to the others, is relatively simple for
scaling up [38,70–72]. The co-precipitation is another method largely used in CDs’ stud-
ies [37,39,73,74], and the freeze-drying technique, although more expensive due to lyophiliza-
tion, is rather widespread [4,14,38,70]. Other methods used for producing ICs, such as super-
critical antisolvent precipitation [53,75] and spray drying [68], are discussed in the literature.

Regardless of the method used, the formation of inclusion complexes is a sponta-
neous process, guided either by the difference in enthalpy, or entropy, or by both, and
which involves the exit of water molecules from the cavity and the entry of the guest
molecule [76,77]. Since the CDs’ hydroxyl groups are orientated outwards, their cavities
constitute a more hydrophobic environment, and the water molecules that are naturally
present in there are highly energetic [21,78]. Their replacement by more apolar compounds
is, then, thermodynamically favored and an enthalpic driving force of the complexation
process [78]. It is discussed that several other driving forces are also involved in the com-
plexation of CDs and guest molecules, each one having an important role in stabilizing
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the inclusion complexes. Electrostatic interactions, hydrogen bonding, van der Waal’s
interactions, and dipole moment have been proposed by many studies [52,70,74,76,79,80].

Santos et al. investigated the complexation of carvacrol, the major compound of
oregano EO, with β-CD. The thermodynamic parameters obtained by the authors were
an indication that the formation of IC was driven by hydrophobic interactions due to the
replacement of high-energy water molecules in the CD cavity by the apolar compound,
as well as van der Waals interactions and hydrogen bonds [70]. Similarly, Tao et al., when
studying the IC formation between β-CD and thymol, verified that the Gibbs energy was, in
fact, negative (∆G < 0), indicating a spontaneous process, and that hydrophobic interaction,
hydrogen bonds, and van der Waals intermolecular interactions were likely involved [81].

4. Incorporation of CDs/ICs into Polymer Matrices

CDs and their ICs have been studied with several polymers aiming the preparation of
different kinds of packaging for food preservation, from conventional petroleum-based
plastics [39,82,83] to sustainable ones [12,35,37,40,59]. In Table 3, examples of CDs/ICs, as
well as the support polymer matrix of choice and the main goal of the elaborated packaging
are summarized.

Table 3. Cyclodextrins (CDs) in food packaging.

CD Guest Molecule Packaging Polymer Purpose of CD/IC in Packaging Reference

As inclusion complex

HP-β-CD Gallic acid Polylactic acid (PLA)
nanofibers

Promote the controlled release of the active
compound [84]

β-CD PLA PLA Increase the thermal stability of PLA films [85]

β-CD Cinnamon EO PLA nanofibers Manufacture an antimicrobial film with increased
thermal stability of the bioactive molecule [86]

α- and γ-CD Oregano EO
Poly (3-hydroxybutyrate-co-

3-hydroxy valerate)
(PHBV)

Increase thermal stability of the bioactive
compound for film making at high temperatures [72]

β-CD Cinnamaldehyde PLA
Improve mechanical and barrier properties, in

addition to promote the controlled release of the
bioactive molecule (active packaging)

[59]

β-CD Eugenol and carvacrol Whey protein Promote the controlled release of antimicrobial
bioactive compounds in edible films [87]

Carboxymethyl-
β-CD Curcumin Polyethylene-terephthalate

(PET)
Develop an antimicrobial film with

controlled release [83]

HP-β-CD Berberine Gelatin
Preparation of antibacterial films with

anti-ultraviolet properties (increased solubility and
thermal stability of the active compound)

[88]

β-CD D-limonene Poly (butylene-succinate)
(PBS)

Thermal stabilization of the active compound and
improvement of the thermal properties of PBS films [89]

β-CD Allyl isothyocianate Cellulose acetate Promote the controlled release of the active agent [40]

As a polymer blend component

β-CD Cinnamon EO Polyvinyl alcohol (PVA)
(nanofibers)

Control the EO odor and ensure a more controlled
release to obtain antimicrobial active packaging [33]

β-CD - Zein Cholesterol absorption [90]

β-CD Allyl isothyocianate Low-density polyethylene
(LDPE) Promote the controlled release of the active agent [82]

(2-carboxyethyl)-
β-CD -

Chitosan and PLLA (loaded
with ZnO

nanoparticles–multilayer)
Improve PLLA functionality as packaging material [91]

β-CD Cinnamon and oregano
EOs

Chitosan and PVA
(multilayer)

Improve the release of EOs and prepare films with
antifungal activity [92]

β-CD - Ethylene-vinyl alcohol
(EVOH)

Promote changes in the morphological, thermal and
barrier properties of EVOH [93]
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Currently, numerous techniques have been described as strategies for incorporation of
CDs/ICs into polymer matrices. They can be directly blended with the polymer matrices
for further development of composite films, which is a simple and common method
employed for food packaging manufacturing [94]. Along with this, other methods such
as extrusion [39,82], casting [12,40], and electrospinning [65,67,72] can be mentioned for
application of CDs/ICs into packaging systems, aiming further industrial use. Examples
of these techniques and their principles are schematized in Figure 2.
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5. Active Packaging for Food Preservation

Four main functions are attributed to packaging: containment, protection, conve-
nience, and communication with the consumers [95]. Such characteristics must be inherent
to any type of packaging. However, in a more specific context for the food industry and
conventionally used packaging, there is still an increasing demand for new technologies
to obtain better performance in reducing losses and prolonging the shelf life of foods [96].
This demand resulted in the development of active packaging, a new concept of food
packaging that can be described as “packaging that deliberately incorporates components
that can release or absorb substances into either the packaged food or the environment
surrounding the food” [97].

Plastic materials have been widely used in the manufacture of food packaging, mainly
due to attributes such as relative stability, ease of production, low cost, and barrier proper-
ties [98]. However, these materials are commonly processed at high temperatures, usually
between 100 ◦C and 200 ◦C (above the polymer’s melting point). In the context of active
packaging, such conditions are quite aggressive since they may significantly affect the
bioactive components incorporated into the packaging material. Volatilization and thermal
degradation can culminate in the bioactive substances’ loss [16]. As carrier agents, CDs can
reduce or even prevent the loss of efficiency of bioactive ingredients by forming inclusion
complexes to be incorporated into the polymer matrix [14,38]. In addition to the greater
stability conferred by the complexation process, the formation of ICs can also confer greater
homogeneity to the system when the bioactive components of interest are not directly
compatible with the polymer.
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5.1. ICs as Active Compounds Carriers

The incorporation of inclusion complexes between bioactive molecules and CDs is an
interesting approach for the development of active packaging systems, which can allow the
obtention of different films with improved active properties. Aytac et al. [84] investigated
ICs formed by gallic acid and HP-β-CD into poly nanofibers (lactic acid) and evaluated the
release profiles of the active component under different conditions (water, 10% ethanol,
and 95% ethanol). The complexation with HP-β-CD promoted an increase in the solubility
of the active ingredient, enhancing its release rate in the media containing 10% of ethanol.
The authors also verified a high antioxidant activity for the nanofibers produced. Therefore,
the obtained active film could be applicable as packaging material for food preservation.

Aiming to evaluate the complexation between oregano EO and CDs (α-CD and γ-CD),
Figueroa-Lopez et al. [72] compared two methods of IC formation: kneading and spray
drying. The kneading method showed greater effectiveness in producing inclusion com-
plexes between the analyzed CDs and the EO. After, the authors incorporated the ICs into
poly-based films (3-hydroxybutyrate-co-3-hydroxy valerate) (PHBV) by electrospinning at
160 ◦C and observed that the complexation provided not only greater thermal stability to
the EO, but also enhanced the antimicrobial and antioxidant properties of the elaborated
films and improved their mechanical properties. The films containing ICs lead to a 3 log
cycles reduction in the population of Staphylococcus aureus and Escherichia coli.

The ICs containing active molecules can also allow the development of photoactivated
antimicrobial films, helping to control possible microbial contamination in foods. Shlar
et al. [83] developed polyethylene-terephthalate (PET) films electrostatically loaded with
successive layers of poly-L-lysine (−), poly-L-glutamic acid (+), and carboxymethyl-β-
CD, which was used as the base material for the formation of ICs with curcumin. After
successive layers of poly-L-lysine, poly-L-glutamic acid, and CD were deposited on the film,
the material was loaded with curcumin by immersion. Due to its photoactive characteristic,
curcumin exerts significant antibacterial activity when exposed to white light. This activity
was also verified for the elaborated active films. In the dark, the multilayer film presented
modest antibacterial activity; however, under light exposure, the antimicrobial activity
was enhanced.

Munhuweyi et al. [92], in turn, obtained nanofibers based on chitosan, polyvinyl
alcohol (PVA), and β-CD to develop active packaging with oregano and cinnamon EOs.
The nanofilms were produced by electrospinning and showed potential activity against
the mold Botrytis sp. Despite the films containing ICs showed higher antifungal activity
than the films containing non complexed EOs, the authors discussed the need for further
studies on the controlled release aspect of the active components, aiming higher retention
of the biocompounds and their long-term release to optimize the nanofilms performance
and ensure food quality.

Also aiming for the obtainment of active antimicrobial films, Hu et al. [88] developed
gelatin-based films incorporated with inclusion complexes formed by berberine and HP-
β-CD. Berberine chloride hydrate is a quaternary alkaloid, being a natural extract with
a recognized broad spectrum of antimicrobial activity. Its complexation with HP-β-CD
can be considered an alternative to overcome its low solubility in water. The authors
verified that the gelatin films containing the ICs exhibited intense activity against S. aureus
and Candida albicans, in addition to a greater solubility in water, thermal stability, and
improvement of mechanical properties.

5.2. CDs/ICs as Components of Emitting/Adsorbent Sachets or Pads

CDs and their ICs can also be applied in active packaging as constituents of sachets
and pads. Sachets and pads are often the most popular commercialized products available
in the market responsible for entrapping antimicrobials and/or act as absorbing agents.
Thus, these systems are considered potential tools for the release of active substances in the
internal surface of the package, as well for absorb undesirable components (e.g., oxygen,
ripening gases, and moisture) [99,100].
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Specifically considering the CDs in emitter systems, the enclosing of inclusion com-
plexes in sachets allows interesting results for food preservation. The absence of direct
contact between the food and the active compounds in association with the controlled
release through the sachets’ material is an approach that allows the diffusion of volatile
compounds through the headspace to food components [38,101]. In Japan, for example,
antimicrobial sachets containing ICs of β-CD and allyl isothiocyanate, the major compound
of mustard oil and wasabi, have been accessible to consumers for years and are important
allies in bakery products preservation [102].

In the literature, this technique was exploited by Ayala-Zavala and González-Aguilar [101]
aiming the preservation of refrigerated fresh-cut tomatoes. The authors prepared sachets
containing ICs of garlic EO and β-CD, and the developed release system successfully pre-
served fresh-cut tomatoes for several days under refrigeration. The authors also concluded
that the relative humidity in-package can be used as a trigger to release the EOs volatiles
from the IC. Therefore, this technology has potential to be applied for fresh products, such
as minimally processed foods.

Nonetheless, it is important to emphasize the need for evaluation of active sachets
directly into food matrices, since different results can be found when compared with the
outcomes obtained during in vitro analysis. Marques et al. [38], for example, evaluated the
potential of antimicrobial sachets prepared with Pimenta dioica:β-CD ICs. The elaborated
sachets showed in vitro activity against the pathogen Listeria monocytogenes as well as
the food spoilage microorganism Byssochlamys nivea. However, further tests involving
the application of the preservative sachets containing the IC in a food system evidenced
different outcomes [103]. The authors intentionally inoculated ready-to-eat salads with L.
monocytogenes and stored them into packagings containing the antimicrobial sachets. The
presence of sachet, however, did not contribute to the salad preservation, conflicting with
the results obtained in vitro [38,103]. Furthermore, the sensory analysis with consumers
showed that salads stored alongside sachets were the least accepted by the participants. De-
spite the odor attenuation provided by the complexation with CDs, the sensorial impact of
the EO released from the sachet was determinant to this lower acceptance by the panelists.

The differences evidenced between the in vitro analysis and the study in food systems
are important to food preservation research since they demonstrate the need for works that
investigate the properties of bioactive compounds not only in vitro, but also when applied
in foods. It is worth mentioning that, despite the outcomes obtained by in vitro being valid
and indeed important for the research, they do not imply that the same behavior will be
verified when testing in food systems. In addition, sensory investigation with consumers
is a crucial step when studying the application of complexed volatile compounds in
foods [103].

CDs can also be successfully used for the development of active pads. Absorbent pads
are already commercially available, especially as a moisture control strategy for fresh prod-
ucts [104]. Taking this into account, some studies have evaluated the incorporation of CDs’
inclusion complexes into absorbent pads aiming their application for food preservation.
For example, Silva et al. [105] assessed the potential of a new coating for absorbent pads
used in chicken packages containing pinosylvin ICs with HP-β-CD and HP-γ-CD. These
novel antimicrobial pads were tested against Campylobacter jejuni and common chicken
microbiota, both in vitro and in a food system, using chicken fillets and exudates.

The authors tested different concentrations of complexed pinosylvin into pads, and
0.08 mg·cm−2 seemed to be sufficient to exert a bactericidal activity against C. jejuni at the
incubation temperature of 37 ◦C. When incubated at 4 ◦C, pads containing 0.04 mg·cm−2

of IC exhibited activity against the bacteria in both chicken fillets and exudates. Lactic acid
bacteria, psychrotrophic, and total viable counts were also significantly reduced by the
elaborated antimicrobial pads [105]. During the tests in food system, the authors observed
that the ICs elaborated with HP-γ-CDs were more effective than those produced with HP-
β-CD, although the in vitro assays led to similar outcomes concerning their antimicrobial
action. These results reinforce the need for tests in food systems since discrepancies can be
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observed with the results obtained in vitro. Additionally, it is important to emphasize that
the formation of ICs with CDs allowed the increase of pinosylvin solubility in an aqueous
medium, which proved to be an advantageous strategy for incorporating hydrophobic
bioactive molecules into pads for the preservation of fresh products.

More recently, a similar work developed antibacterial pads based on nonwovens
polyethylene terephthalate containing β-CD embedded with cinnamaldehyde aiming cold
fresh pork preservation [106]. Different from the last-mentioned study that coated the
inclusion complexes on the pads, the approach used in this work was to crosslink the β-CD
embedded with cinnamaldehyde on the surface of the PET matrix. The obtained pads
allowed a continuous and uniform release of the bioactive molecule on fat food simulants.
The in vitro assays indicated that the antibacterial pads inhibited both Gram-negative (E.
coli) and Gram-positive (S. aureus) bacteria. When tested on the food matrix, the results
showed that the active pads in combination with tray packaging were able to effectively
prolong the shelf life of cold fresh pork through the sustained release of cinnamaldehyde.
Along with the long-term antibacterial effect, the elaborated pad also improved both the
color and the sensory quality of cold fresh pork [106].

In addition to the development of release systems, CDs can also be an ally for scaveng-
ing systems. Some patents have described the potential of non-complexed CDs to be used
in porous materials for absorbing substances in food packaging. Woltman et al. [107] devel-
oped a thermoplastic porous water-permeable layer material with odor-reducing properties
that can be used aiming several applications. The thermoplastic material was treated with
a surfactant-modified CD prepared by mixing or chemically reacting a CD-based odor
absorbing material with a surfactant-producing compound.

Earlier, Carlucci et al. developed a CD-containing odor control material. In this
specific case, the employed CD must present a particle size greater than 12 µm, which
has the advantage over materials manufactured with powdered cyclodextrin by avoiding
dust formation problems associated therewith [108]. Therefore, both inventions can be
used as a basis for the development of absorbent pads for application in active food
packaging systems.

6. CDs as Polymer Matrices Components

In addition to the formation of inclusion complexes as a potential tool in developing
active packaging, mainly linked to the higher stability conferred to the guest molecule
(bioactive component), CDs have also been studied as a component of the polymer matrix
itself (Figure 3). The participation of CDs as components of polymer blends may promote
a deceleration of both internal and external migration of volatile substances, whether from
the packaging material itself or the packaged product, or even the external environment [16].
Thus, the incorporation of “empty” CDs can assist in the removal of a wide variety of
substances considered undesirable, such as contaminants and odors, acting as absorption
agents [16,90,109].

For example, CDs have been studied targeting cholesterol removal, since, due to
their hydrophobic cavity, they have a high affinity with the molecule through non-covalent
bonds [90,109]. Jia et al., for example, synthesized zein and β-CD-based films for cholesterol
absorption at room temperature. The authors reported that, in addition to the high rate
of cholesterol absorption by the elaborated films, they also presented high enzymatic
degradation, indicating a bio-based absorption tool for the food industry, as well as a good
regeneration capacity since they could be reused at least three times without losing its
adsorption effectiveness [90].
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Chiu et al. [109], in turn, immobilized β-CD in a chitosan matrix to separate cholesterol
in egg yolks, promoting the removal of 92% of cholesterol from the analyzed samples. The
study also emphasized the reuse capacity of the separation matrix, up to 12 times since
cholesterol, after complexed with CD, can be released with an ethanolic solution (95% w/w)
at 50 ◦C. A process with a similar goal was developed by Dias et al., using β-CD in the
removal of cholesterol in butter [110].

When included directly in the polymer matrix, CDs can also act in different ways
aside from acting as absorbing agents. Changes in barrier [93] and thermal [91] properties
of the packaging, as well as changes in the release profile of active compounds (when the
packaging is incorporated with bioactive substances) [92].

The improvement of barrier properties, mainly water vapor barrier, could be useful
in particular to polymeric materials with a more hydrophilic nature. Although these
materials may show a good barrier against gases, their high water permeability limits their
application to certain food products. Even in environments/foods with high moisture
content, their sensitivity to water considerably reduces their gas barrier properties [93]. For
these materials, the structure of CDs—with their more hydrophilic exterior—allows good
chemical compatibility with the polymer matrix. At the same time, its hydrophobic cavity
can confer different changes in the functionality of the packaging material. To illustrate this
statement, we present, in Figure 4, an example of an inclusion complex of EO and β-CD
incorporated into two distinct polymeric materials: cellulose acetate (hydrophobic), and
methylcellulose (hydrophilic). It is possible to observe that the IC was better dispersed in
the hydrophilic matrix, unlike in the hydrophobic matrix, in which aggregates can be seen.
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Changes in barrier properties should be studied on a case-by-case basis. As demon-
strated by López-de-Dicastillo et al. [93], although the immobilization of β-CDs was
successfully performed in their study, incorporating these molecules into ethylene-vinyl-
alcohol matrix promoted an increase in the polymer vitreous transition temperature and its
percentage of crystallinity, promoting a material more brittle. In addition, the presence of
β-CD increased the film permeability to water vapor, oxygen, and carbon dioxide. Similarly,
Dias et al. [40] and Marques et al. [12] noticed that the incorporation of inclusion complexes
of allyl isothiocyanate and β-CD into cellulose acetate leads to films more frails and with
more irregular topography, probably due to nonsolubility of β-CD in acetone, the solvent
used for the films’ preparation.

On the other hand, when it comes to polymeric materials with a more hydrophobic
nature, such as poly(lactic acid) (PLA), higher hydrophilicity can be achieved by incorporat-
ing CDs directly into the polymer matrix through the development of multilayer packaging.
This characteristic can increase biological properties, for example, biodegradability. In
addition, improvement in the profile of bioactive substances of hydrophobic nature can
be achieved changing the hydrophobicity of the polymeric matrix in which they were
incorporated [91].

7. Toxicological and Regulatory Aspects: Food and Food Packaging

As already mentioned, CDs are considered safe for use in food, and regulatory status
suggests that a possible migration of CDs from packaging to the packaged food does not
induce the appearance of harmful effects on consumers [16]. While granted GRAS status by
the FDA in Europe, although there is no limit regarding the intake of α- and γ-CD, when it
comes to β-CD, there is a pre-established maximum acceptable daily intake of 0.5 mg·kg−1

of body weight [111]. α-, β- and γ-CDs are registered in the Codex Alimentarius of the
FAO/WHO Joint Committee of Food Additive specialists with the International Numbering
System (INS) No. 457, 459, and 458, respectively, among the General Standard Food
Additives (GFSA) (GSFA, 2019). In turn, β-CD is registered in the EU as an additive E-459
(Official Journal of the European Union L283/77) [112], which underwent revision in 2016
but did not culminate in changes [111].

As for derived molecules, some chemically modified CDs, such as hydroxypropyl-α-,
β- and γ-CDs (HP-α-CD, HP-β-CD, HPγ-CD) and random α -, β- and γ-CDs (RAME-α,
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RAME-β, RAME-γ) are approved as drug excipients, however, have not yet been recog-
nized as ingredients for use in food [113]. Considering the regulatory aspects concerning
the use of CDs in food packaging, regulatory status suggests that the eventual migration of
these molecules to packaged foods has no harmful effects on consumers [16].

8. Conclusions

The different types of CDs available in the market or synthesized in laboratories are
promising additives for application in food packaging elaboration to improve the quality,
safety, and shelf life of foods. Versatile, they can be used as inclusion complexes, entrapping
compounds of interest, as well as “empty”, and be employed in emitter systems, releas-
ing substances into the packaged food, or in absorbent materials, removing undesirable
components. Among the native CDs, β-CD is the more studied and applied due to its low
price and cavity size. The incorporation of CDs into polymer matrices is also possible,
and there are several methods described in the literature aiming their addition in the base
polymer allowing the attainment of materials with different properties. Hydrophobic and
hydrophilic polymers can be used as matrices for incorporation of active ICs or even CDs
themselves, enabling the production of packages with different characteristics, including
multilayer films.

The ability of CDs to accommodate certain molecules, ensure their protection from
external factors, and promote their controlled release is an important advantage to the
food industry. Therefore, complexation with CDs extends the range of compounds that
can be used in active packaging production, such as antimicrobial volatiles, which are not
usually considered as packaging additives due to their proneness to volatilization and
degradation. Since the manufacture of packaging usually involves high temperatures,
the stabilization of volatile compounds with CDs and the protection granted by them is
essential for their incorporation in this context. Based on the above considerations, CDs
and their ICs comprise an interesting prospect that is increasingly being explored as a
potential tool for food packaging development.
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