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Abstract: Various natural polymers have been explored for their specific and desirable functional
properties. Biopolymers have been found to hold the potential to satisfy many current environmental
and health needs from a natural food packaging perspective. With a drive towards a more sustainable
and plastic-free future, polymers like pectin and alginate have been considered key to reducing tradi-
tional plastic packaging usage in the food industry. These well-established, commercially available
biopolymers display unique functional properties that can be manipulated in the development of
biofilms that possess specific physical–mechanical properties. Pectin and alginate have also proven
successful in the biomedical applications of encapsulation, drug delivery, wound healing and tissue
engineering, greatly due to their ability to form biofilms and coatings. The structural and consequent
functional properties of pectin and alginate have been investigated, although rarely concurrently with
one another, focusing on biofilm development. Research has specifically identified and highlighted
the importance of pectin and alginate in developing biofilms due to their versatile and charged struc-
tural nature. This review article discusses and highlights factors responsible for the specific properties
displayed by pectin and alginate biofilms from a chemical and film development perspective.

Keywords: biopolymer film; natural packaging; pectin; alginate; biofilm; food packaging; functional
properties; biofilm development

1. Introduction

A specific area of interest regarding the application of functional biopolymers is in
developing biofilms that can find applications as naturally biodegradable packaging [1,2].
With research focused on addressing environmental concerns over the use and disposal
of non-biodegradable, petroleum-based plastics, together with consumers’ demands for
improved food safety and extended shelf-life, there has been a driving force aimed at
identifying and investigating natural polymers to be used in the development of natural
packaging [3–5]. More recently, the COVID-19 pandemic has further highlighted the need
for more naturally biodegradable packaging displaying antimicrobial properties. The need
to enhance food safety and prevent extensive environmental damage from the extensive
use of non-biodegradable packaging and related personal protective equipment was a
major consideration for the investigation of a variety of polymeric materials by many
researchers [6,7].

The developments of naturally biodegradable packaging types have not only been
limited to polysaccharides, but proteins and lipids have also been considered [1,3,8]. How-
ever, polysaccharides are often considered for these specific developments due to their
availability, sustainability, low-cost functionality and health benefits. Polysaccharides such
as pectin, alginate, guar, carrageenan, chitosan and locust bean gum, as well as emerging
biopolymers, have been gaining much attention in the development of biofilms with signs
of being used as natural polysaccharide-based packaging [1,2,4,8–13]. In addition, these
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polymers have proven successful in a variety of coating applications. Biopolymers such
as pectin, alginate and chitosan have been found to have successful medical applications
due to their encapsulation properties. Chitosan coating has specifically been found to have
additional antibacterial, antifungal and anti-inflammatory properties, proving beneficial
for specific medical applications [13].

These alternative forms of packaging are often referred to as ‘edible packaging’ as
they are primarily composed of edible ingredients applied directly to the food via a thin
layer. Alternatively, pre-formed films can also be applied as edible packaging, which is
applied without altering the manufacturing process of the final products [14,15]. It is,
therefore, important to note that although edible packaging is composed of natural edible
materials that are non-toxic for human and animal consumption, the name more accurately
describes the natural biodegradability of biofilms and possible packaging [8]. Therefore,
biopolymer-based packaging can be divided into two main derivatives that usually differ
based on the application method [8,15]. A biofilm is defined as a thin layer placed as a
barrier between food and the surrounding environment, and it can be consumed as is [16].
These films are usually pre-formed separately as laminates and thereafter placed on or
between the food product [16]. A second type of application is the development of edible
coatings, which are predominantly formed by coating the food product directly with a thin
layer of natural biopolymer material, which is usually in liquid form, by either spraying,
coating or immersion of the product [8,15,16].

As there is an ongoing development in the field of natural packaging developed from
polysaccharides, certain functional film characteristics are investigated when considering
the viability and application of specific natural packaging [3,17]. Biofilms produced from
polysaccharides usually display good gas barrier properties against oxygen and carbon
dioxide due to their tightly packed structure. Negatively, due to the hydrophilic nature of
hydrocolloids, they display poor water vapour barrier properties. As biofilms produced
from hydrocolloids have generally been accepted to display successful gas, aroma and lipid
barrier properties, increased focus has been placed on the specific mechanical properties
displayed by different polymers used in biofilms [3,18,19]. The mechanical properties of
biofilms can often be considered the main functional property in their development as these
properties will largely highlight the specific biopolymers’ viability to form a biofilm that can
find potential applications in natural packaging [8,20]. The mechanical properties of biofilms
are of utmost importance, as they directly describe a film’s potential to withstand stress and
strain during transportation, handling and storage while ensuring that the food remains
structurally uncompromised and protected from the outside environment. As films’ specific
mechanical needs vary between different products and their applications, the capabilities,
as well as limitations, of different polymers used in the development of biofilms have been
considered by multiple researchers [2,4,10,11,17,21,22]. These factors specifically influencing
the mechanical properties of biofilms will further be explored and presented holistically.

It is generally well accepted that most polysaccharides perform exceptionally well at
producing highly viscous solutions, even at low application concentrations. However, some
polysaccharides have an additional functional property, enabling them to form a hydrogel,
which can ultimately be exploited in the development of functional biofilms [23–25].

The presence of charged groups in a polymer molecule is considered the primary
reason for the formation of true polymer hydrogels. These charged groups are specifically
responsible for the functional properties displayed by a polymer [26]. The most common
process describing the gelation of functional biopolymers involved in the development
of biofilms is the aggregation of primary inter-linkages between polymer chains, which
results in the formation of junction zones, providing the basic three-dimensional structure
of a gel [24,27]. Various factors have been shown to influence the primary structure of
these junction zones within the gel network and the resultant film’s mechanical properties.
Specifically, pH, the presence and concentration of charged ions and the inherent structure of
the polymer molecule have all been shown to alter the mechanical properties of a biofilm [11].
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The gelation of polymers through this process is unique to polymers possessing a
charge and not applicable to more natural polymers. Specifically, polymers that have the
presence of carboxyl groups are generally associated with a negative charge. Due to these
negative charges, polymer repulsion is observed between the polymer chains, resulting
in an extended polymer configuration. This extended configuration, with increased chain
length, results in increased polymer volume in the solution, allowing for increased func-
tionality. These charged groups also allow for the formation of more stable film-forming
solutions as the negative charges aid in preventing the polymer chains from aggregating
due to repulsion by the similarly charged groups [26,28].

When decreasing the pH of a film-forming solution, a decreased resultant ionisation of
the carboxylic groups occurs (acting similarly to more neutral polysaccharides), resulting in
less likelihood of the system forming a gel with ionic molecules. However, when increasing
the pH, the carboxyl groups can be ionised, forming more carboxylic acid groups, which
display an increased likelihood of reacting with ionic molecules, which can form stable
solutions and hydrogels. Additionally, the presence of more carboxylic acid groups will
result in increased polymer chain repulsion [8,29].

For polymers associated with a charged structure, the presence of a crosslinking agent is
another important factor to consider when manufacturing biopolymer films. Charged metal
ions, such as calcium and magnesium, are often considered as crosslinking agents. Although
the presence of a crosslinker is not set as a standard in the successful development of biofilms,
sufficient amounts of polymers must then be available for film formation [4,30,31].

Lastly, different methods used in forming biofilms have been shown to have consequen-
tial effects on the mechanical properties of the films. Biofilms can specifically be differentiated
based on ‘dry’ and ‘wet’ variants. Due to the advantages offered by low-moisture films, ‘dry’
biofilms have specifically been a focus area to satisfy industry requirements, as they more
strongly represent a viable alternative to conventional plastic packaging [15]. Only pre-formed,
‘dry’ biopolymer films will, therefore, be further considered. In addition to the moisture con-
tent of biofilms, the presence of additional polymeric and non-polymeric materials in biofilms
must also be considered to influence their properties. Specifically, blending more than one
biopolymer together into the formation of a single biofilm and the addition of a plasticiser are
two main factors that have been shown to alter biofilm mechanical properties [1,2].

As already highlighted, various hydrocolloids are used for their specific and desir-
able functional properties in the food industry [1,8,32]. However, some well-established
commercially available biopolymers can be considered essential for their functional proper-
ties of altering a food system’s rheological properties and in the development of biofilms.
Specifically, due to their charged nature, pectin and alginate have been well researched
for their functionality, resulting in their extensive use in the food industry for a range of
diverse applications [33–35]. Both pectin and alginate are considered for their excellent
thickening and gelling properties, resulting in their specific application in the development
of biofilms for naturally biodegradable packaging applications [28,35–37]. It is important
to note that determining the viscosity of biopolymers is important in understanding the
rheological behaviour of polymer solutions. Consequently, the rheological behaviour of a
polymer in solution further provides insights into the functional behaviour of that specific
polymer and, ultimately, its biofilm formation potential [30,38–40]. Therefore, the rheology
of a polymer in solution is often used to describe its functional behaviour.

Multiple researchers have specifically identified and highlighted the importance of
pectin and alginate in developing biofilms due to their versatile chemical and physical
properties and functional behaviour in a solution. Pectin and alginate have, therefore,
specifically been identified as excellent biofilm-forming polymers [2,10,35,41].

Native pectin is a polysaccharide typically found in the plant cell wall and middle lamella
of fruit and vegetables and often finds application as a functional food ingredient used during
food processing [33,34,41]. Commercially available pectin is usually extracted from citrus
peels, with lemon and lime peels preferred, as well as apple pomace. Pectin is often listed
as a food ingredient with the EU code E440 [41]. The pectin chemical structure is primarily
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represented by a negatively charged galacturonic acid backbone, displaying varying degrees
of methylation and many side chains. The nature of a charged Pectin is primarily linked to its
desirable functional properties. However, various factors can alter its functionality to different
degrees [28,41]. In addition, pectin has also been found to have a variety of applications.

Alginate is a well-researched polysaccharide extracted from the cell wall and intercel-
lular spaces of brown seaweeds. Alginate is considered a glycuronan of high commercial
importance due to its widely used food applications as it exhibits excellent viscosity
enhancement potential, gelling properties and stabilising functions and finds specific ap-
plications as edible biopolymer films and coatings [38,42–44]. The presence of uronic acid
associated with the alginate polymer structures is of specific importance, as these charged
uronic acids are one of the main bio-functional properties linked to alginate functionality
and, thus, have vast applications in the food industry [38,42,45].

Although pectin and alginate have shown to differ on a molecular level, they have been
explored as excellent polymers used in the development of biofilms. Interestingly, these
biofilms have not only been limited to the food industry but also found new applications as
sensors/biosensors. Specifically, work conducted by Safitri et al. [46] showed the success of
using pectin–chitosan blend matrix membranes in developing sensors. These sensors could
accurately detect salivary pH, further highlighting the diversity of these natural polymers
and their successful applications [46]. However, this current review article focuses on the
mechanical properties of pectin and alginate films, specifically as these biofilms generally
display satisfactory mechanical properties [2,17]. The tensile test has specifically been
applied to accurately measure the mechanical properties of biofilms [2,10,35]. Bierhalz [35]
investigated the mechanical properties of pectin and alginate polysaccharides used to
develop biopolymer packaging. The authors noted physical differences between the two
polymer films. These physical differences were quantified by the completion of mechan-
ical tests on the various films, specifically for the tensile strength (TS) and elongation at
break percentage (%E) [35]. Polysaccharide-based films’ mechanical properties were also
investigated by Galus and Lenart [17], who found alginate biopolymer films to produce a
higher film strength and elasticity than pectin films. However, both alginate and pectin
biofilms were considered to have satisfactory mechanical properties. In general, a film’s TS
is a measure of its mechanical resistance accounted to chain–chain cohesion forces. At the
same time, %E refers to the film’s ability to extend before rupture and is indicative of its
‘brittleness’ and/or plasticity [17,36].

In addition to the tensile measurements (TS and %E), the puncture tests have also been
employed to measure the mechanical properties of biofilms. These tests include measuring
the film’s puncture force (PF) and distance to puncture (DTP) measurements [2,10,11].
Many authors have specifically evaluated variations in the mechanical properties of films
by using both the tensile and puncture tests [10,11,47]. Both these mechanical tests are
important, as the tensile tests account for accurate differentiation between the specific films
related to film strength and elasticity [17,36], and the puncture test is used to accurately
evaluate a film’s potential commercial application. Both the TS and PF are related to film
strength, and %E and DTP are related to film elasticity and consequential brittleness [10].

An important application of polysaccharides that display gel-like behaviour is in the
development of biofilms and coatings, ultimately aimed at expanding alternative naturally
biodegradable packaging. Given the current global concerns regarding the environmental
impacts of synthetic packaging, the development of biopolymers-based films and coatings is
a major field of interest in the application of functional biopolymers. Pectin and alginate are
two biopolymers that have specifically been explored for their ability to form biofilms and
coatings, with various factors influencing these film properties [1–3,8]. Although abundant
knowledge is available on specific factors influencing these polymers’ functional behaviour
and resultant film mechanical properties, a holistic view of biofilm development related
to pectin and alginate could still be explored. Consequently, this research further provides
essential insights into pectin and alginate coating formation potential, further promoting the
investigation and application of pectin and alginate in coatings as the functional behaviour
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remains greatly similar between film and coating applications of these polymers investigated.
Therefore, this current review is synonymous with the ‘Coatings’ journal chosen for its
publication. This review, therefore, aims to provide a concise and comparative approach to
pectin and alginate biofilm development, encompassing important factors related to these
specific polymers’ functional behaviour from a molecular to a film development level to
further promote developments in the field of natural packaging.

2. Structural Composition of Pectin and Alginate
2.1. Pectin Molecular Structure

Generally, pectin is represented by a heterogeneous chemical structure consisting
of a (1→4)-α-D-galacturonic acid (GalA) residue backbone, displaying various degrees
of methyl esterification, distinguished by different pectin domains. The most prevalent
domains (or regions) are linear homogalacturonan (HG) and branched rhamnogalacturonan
(RGI) regions, which can vary depending on their sugar composition [28,34,41,48]. Pectin’s
chemical composition can vary considerably and is, therefore, more accurately described as
a collective family of pectic biopolymers possessing common characteristics. It has been
well established that for a polymer to form part of the pectin family, about 60%–65% of the
molecule must consist of galacturonic acid molecules [33,49]. These GalA residues form
part of the ‘smooth’ HG region of the pectin molecule, with some of the carboxyl groups
esterified with methanol [28,48–50].

2.1.1. Proposed Pectin Side Chains

The pectin molecule is also presented by a ‘hairy’ region. The ‘hairy’ regions are
mostly composed of branched, neutral saccharide side chains, typically associated with
the RGI regions of the polymer structure, as presented in Figure 1 [28,48,50,51]. The RGI
typically consists of a backbone of L-rhamnose and D-galacturonic acid. These disac-
charides are repeated in chains of about 20 residues long. The origin of the pectin will
determine the amount of rhamnose residues, constituting anything between 20 and 80% of
the backbone [49,51]. At the C4 of the rhamnose residues, attachment of the side chains of
arabinose and galactose is observed. The side chains are composed of singular residues, or,
depending on the source of the pectin, other side chains may be present, such as varying
amounts of galactose, arabinose or arabinogalactans [33,48,50]. Some pectin types have
also been shown to contain side chains consisting of varying amounts of D-xylose and/or
arabinogalactan, as well as other neutral sugars, forming part of an additional rhamno-
galacturonan region, often referred to as the second rhamnogalacturonan region (RGII).
These sugars are also attached to a backbone of GalA, generally at C2 and C3 [48,49].
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2.1.2. Degree of Methylation of Pectin

Methylation is an important characteristic when it comes to key aspects that are
relative to pectin’s functional properties. The degree of methylation (DM) of pectin is
the term used to describe the number of methyl-esterified carboxyl groups in relation to
the total number of galacturonic acid molecules [53]. The DM of pectin is important as
commercially available pectin is extracted from the by-products of fruit juice production,
comprising mainly citrus peel and apple pomace. Acid extraction is usually used to extract
the native pectin polymers, often resulting in the methyl-esterification of the galacturonic
acid’s carboxyl groups [34]. Pectin available for commercial applications can generally
be classified into distinguishable groups according to the degree of methylation of their
carboxyl groups: low methoxy (LM) and high methoxy (HM). The amount of galacturonic
acid and its DM will, therefore, greatly determine the functionality of pectin and the factors
that influence pectin solutions [54,55]. LM pectin is present in less than half of the carboxyl
groups in the methyl-esterified form, whereas HM pectin is considered to have more
than half of its carboxyl groups in the methyl-esterified form. Pectin with less than 5%
methyl-esterification is defined as pectic acid [56–58].

2.2. Alginate Molecular Structural Composition

Alginate must be considered as a collective term to describe a diverse group of biopoly-
mers that vary in composition and structure. The main structural component of alginate
is considered a linear polysaccharide consisting of (1→4) β-D-mannuronic acid and α-L-
guluronic acid residues [25,38,44]. Alginate is a binary copolymer as it is composed of un-
branched β-mannuronic acid (M blocks) and α-guluronic acid (G blocks) [42,45,59]. These
M and G blocks are found in homopolymeric (GG and MM) as well as heteropolymeric
(GM/MG) sequences with varying ratios of M to G blocks, as presented in Figure 2 [44,60].
The sequence of M and G blocks significantly impacts the functional properties displayed
by the alginate polymer. A ratio of 2:1 for M to G blocks is usually expected, but the ratios
of M to G blocks are greatly dependent on the source and extraction methods used to
obtain the alginate [42,45,59,61]. The spatial conformation and ratio of the M and G blocks
substantially affect the functionality displayed by alginate [25]. The M blocks are presented
by an extended ribbon shape, allowing the more linear chain to be flexible. The G blocks
have a strong structure, presented by a buckled shape (Figure 2) [42,44,60].
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3. Pectin and Alginate Functional Properties
3.1. Pectin Functional Properties

Pectin is a highly diverse polysaccharide often used to alter and enhance the rhe-
ological properties of a food system. In general, it is well accepted that increasing the
concentration of pectin in a solution is likely to result in an increase in the viscosity as a
higher concentration of pectin may promote intermolecular interactions between polymers,
allowing for hydrogen bonding [62,63]. In a study completed by De Oliveira [64], the
author described the different phases of thickening with pectin. Firstly, applying pectin
at a concentration of ≤1.0% (w/v) was unable to alter the resultant viscosity, typical of a
dilute polymer solution phase. A semi-dilute secondary phase was observed when pectin
was applied at a concentration range of 1.0%–2.5% (w/v). The higher concentration resulted
in a reduced distance between the pectin molecules and stronger interactions, increasing
viscosity. A final concentrated phase was observed when pectin was applied at a concen-
tration range of 2.5%–3.5% (w/v), resulting in the aggregation of pectin polymer chains, a
large increase in viscosity and possible network formation [62,64].

Pectin application in the food industry greatly depends on its functional properties,
although various factors have been shown to influence its functionality. Therefore, Un-
derstanding these factors is essential, as they directly influence pectin thickening and gel
formation potential [37,49,62]. Specifically, the degree of methylation, concentration, pH
and the presence of gelling ions are well-established factors that directly influence the func-
tional properties of charged polymers, such as pectin. The source used to obtain the pectin
and their extraction method will also influence pectin’s functional properties. These factors
consequently are responsible for alternations of a pectin solution’s viscosity, gel strength,
gelation time, degree of hydrophobic behaviour and hydrogel biofilm formation [48,62,65].

3.2. Functional Properties Associated with Alginate

Alginate has found various applications in the food industry, which can primarily be
attributed to an abundance of functional groups distributed throughout the polymer. These
functional groups can be modified to alter various rheological, biochemical and mechanical
properties displayed by the alginate when applied to a food system [38,44,66].

Research has shown alginate to display typical polyelectrolyte behaviour [67]. This
non-Newtonian, shear-thinning, rheological behaviour leads to chain extension and results
in an increase in reduced viscosity upon dilution, often considered a consequence of
a polymer displaying polyelectrolyte properties [43,67,68]. Therefore, determining the
viscosity of alginate is important in understanding the rheological behaviour of alginate
in a solution and, ultimately, its biofilm formation potential [38–40]. Viscosity greatly
depends on the molecular weight, chain rigidity and/or conformation and electrostatic
charge carried by the polymer [68].

Mancini et al. [68] found that an increase in viscosity was observed with increasing
molecular weight. Furthermore, increasing the alginate concentration in a solution resulted
in a proportional increase in solution viscosity [68]. These increases in viscosity are de-
pendent on intra-chain electrostatic repulsion forces between similarly charged groups,
including the unreacted functional groups found along the sodium alginate chain [67].
Therefore, the degree of charge carried by the polymer will determine whether a molecule
prevents self-association within a solution, having a direct impact on the solution’s viscosity.

The functionality of alginate is typically closely related to the ratio of the M to G block,
as well as their specific molecular weight [25,68]. However, alginate’s functional properties
are dependent on a variety of parameters. Such as with pectin, the functionality of alginate
can be altered by various factors, which will ultimately determine its application in the
food industry. Factors influencing the behaviour of alginate in a system will further be
discussed in more detail.
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3.3. Effect of a Crosslinker
3.3.1. The Effect of Crosslinkers on Pectin’s Functional Properties

Pectin crosslinking is the typical mechanism used to describe the formation of low-
methoxy (LM) pectin gel formation. Calcium is a commonly used cation in the crosslinking
of pectin. Other than calcium (Ca2+), certain divalent and trivalent ions have also been
shown to alter a pectin solution’s rheological properties [69–71].

Mierczyńska, et al. [37] compared different cations’ ability to alter the viscosity of a
pectin solution. The authors reported that (iron) Fe2+ and Ca2+ cations were both able to
increase the viscosity of the LM pectin in a solution to a similar extent. It was also found
that by increasing concentrations of Fe2+ or Ca2+ cations, a resultant increase in viscosity
could be expected for a pectin solution. However, when comparing these increases in
viscosity initiated by Fe2+ and Ca2+ to the viscosity increases brought about by magnesium
(Mg2+) ions, the authors reported Mg2+ to be less effective. The authors concluded that
Fe2+ is likely to interact similarly to Ca2+ to increase the pectin solution’s viscosity, with
Mg2+ showing the least effective viscosity enhancement potential [37]. Similar results were
reported by Huynh et al. [70], as the authors also observed a poor binding of Mg2+ to pectin.
Therefore, it can be expected that the use of different ions may result in varying rheological
properties displayed by a pectin solution, thus allowing pectin to be used for many diverse
applications in food processing and production industries [59,70].

Although charged ions have the ability to alter the rheology of a pectin solution, the
main consequence of pectin crosslinking is the formation of a physical gel. It is important
to note that although both high-methoxy (HM) and LM pectin can undergo gelation,
LM pectin gelation is specifically initiated by the inclusion of charged ions, following a
completely different mechanism than observed for HM pectin gelation [62,71]. Therefore,
the likelihood of pectin reacting with charged ions will greatly depend on the degree of
methylation (DM) displayed by the pectin. Pectin with low amounts of charged group
esterification can easily react with ions to form true gels.

Typically, the “egg-box” model is often used to explain the formation of LM pectin
gels, similar to that used to describe the formation of calcium–alginate gels [59]. However,
there are differences in the gel formation mechanisms between pectin and alginate gel
formation [59,72]. The “egg-box” model describes the formation of junction zones when the
coordination of Ca2+ and carboxyl groups (non-esterified) between GalA molecules takes
place [72]. Gel formation, described by the coordination and possible formation of junction
zones, is similar to what is described in the “egg-box” model, as presented in Figure 3 [62].
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Other than the coordination of Ca2+ to the oxygen atoms in the carboxyl groups of
GalA, Ca2+ has also shown potential to bind to the oxygen molecules within the ring
structure of the glycosidic bonds and to hydroxyl group binding sites [54,73].

The neutral sugar side chains of pectin (rhamnogalacturonan and/or the proposed
rhamnogalacturonan II) are responsible for the non-linear conformation with irregularities in
the formation of “egg-box” dimers. These curves are referred to as the ‘pectic elbow’, adding
a degree of flexibility to the three-dimensional gel matrix. Subsequently, this may hinder the
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lateral association of the dimers when compared to calcium–alginate gel formation [17,35,36].
As a result, alginate–calcium gels could display increased strength compared to that of pectin–
calcium gels, although similar gelation mechanisms are employed [59,70,74].

3.3.2. The Effect of a Crosslinker on the Functional Properties of Alginate

The addition of a crosslinker is well known for its ability to alter the functionality of
alginate. Crosslinkers have specifically been shown to increase a solution’s viscosity with-
out increasing the alginate concentration in the solution. At a constant concentration, the
viscosity of an alginate solution may be increased by the addition of gelling cations [74,75].
The strong interactions between the carboxyl groups of guluronic acid and gelling cations,
such as Ca2+, are used to describe the basic process of alginate gel formation. Generally,
alginate displays a high affinity to react with cations, forming insoluble, thermo-irreversible
hydrogels, allowing for a water-holding capacity of up to 95% [76–78]. This process is
often implemented in the formation of calcium–alginate gels, making use of Ca [75]. The
functional groups undergo chemical modifications to create a stable gel with alginate.
These modifications result in a decrease in internal electrostatic repulsion forces between
polymers. Alginate can undergo gelation in the presence of a variety of metal cations.
Calcium is generally used, although zinc, copper, manganese, barium, cadmium and other
ions have also been investigated for the gelling potential with alginate [40,75]. It has been
noted that the type of ion used in alginate gel formation will significantly determine the gel
properties, as not all ions produce gels of similar properties [25,76]. Ca2+ is predominantly
used to crosslink alginate as it binds preferably to the G blocks found along the polymer
chains of alginate. The binding of Ca2+ and alginate has been well described, often referred
to as the “egg-box” model [76,79–82].

When a polymer chain is linked with other polymer chains, a three-dimensional (3-D)
gel network is formed [77]. This model is similar to that used to describe pectin–calcium
gelation [24,37]. Studies have described the “egg-box” model as the process whereby alginate–
calcium gels are formed following a three-step process [59,77]. Initially, Ca2+ forms mono-
complexes with single G block residues. The mono-complexes then aggregate, resulting in the
formation of junction zones that aid in holding the Ca2+ firmly in place. This process has been
termed ‘cooperative binding’ and results in the formation of dimers. Lastly, the “egg-box”
dimers form multimers by lateral association (Figure 4) [76,77]. Importantly, the physical
binding points or junction zones are formed by the aggregation of multiple Ca2+.
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The “egg-box” model is only used to describe the mechanism of gel formation and
does not highlight the limitations thereof. There are parameters impacting gel quality
and, ultimately, the application of the hydrogels formed [39,76,78]. Gel strength can be
considerably variable and inconsistent, resulting in highly unpredictable gel quality. The
arrangement of M and G blocks in the polymer chain and their ratios (which can vary con-
siderably from one species of seaweed to another) is not to be overlooked [25,68]. Therefore,
the strength of gels can vary significantly from one source of alginate to another [38]. As the
“egg-box” model describes, cations have a higher affinity for G blocks than for M blocks.
Consequently, alginates with higher ratios of G blocks are more likely to form stronger gels
and are referred to as alginates that have low M-to-G ratios [25]. Ca2+ does not necessarily
bind preferably to the G block section of the polymeric chain, but the conformation of the
G blocks allows for a more favoured aggregation of Ca2+ and, consequently, the formation
of junction zones [77]. The more linear, flexible conformation of M blocks does not favour
the aggregation of Ca2+. Thus, gel formation, as described by the “egg-box” model, is not
just crosslinking, although calcium does play a role in maintaining the structure.

3.4. Effect of pH on Polymer Functionality
3.4.1. The Influence of pH on the Functionality of Pectin

LM pectin has specifically been shown to form gels with the addition of charged ions.
HM pectin is also able to form gels but under different parameters than LM pectin, without
the presence of a crosslinker. HM pectin gel formation results from hydrogen bonds and
hydrophobic interactions [33]. An acidic medium of pH < 3.5 and high concentrations of
neutral sugar side chains (about 55%) are required to form a gel network [28,65]. The HM
pectin’s gelling mechanism requires an acidic medium so that the carboxyl groups of GalA,
which are esterified, are less likely to dissociate within an acidic environment, resulting
in less repulsion between two pectin chains and an overall reduction in the energy of the
system [33,65]. A large number of hydrogen bonds can be formed between pectin molecules,
aiding in stabilising the structure [58]. For HM gel formation, besides an acidic environment,
the polymer must comprise a 55%–60% concentration of neutral sugar side chains. The
neutral sugars are responsible for hydrophobic behaviour in an aqueous medium, resulting
in pectin strands being “forced” together [65]. In conclusion, HM pectin gels are formed by
a reduction in the energy of the system, reducing the pectin molecules’ contact with water
and hydrophobic interactions [62]. The specific mechanisms that are used to result in gel
formation are referred to as low-water-activity gels or sugar–acid–pectin gels.

Although the pH of the aqueous medium used to disperse pectin can have a conse-
quential effect on the gel formation of HM pectin, it can, however, influence the formation
of LM pectin gels [23,65,83]. At a pH ≤ 3, gel formation for LM calcium gels may not only
be limited to the crosslinking by calcium but also result from acid-induced gelation [54].
However, HM pectin gel formation requires the availability of large amounts of neutral
sugar side chains to form gels, which was not set as a requirement for LM pectin gel
formation [28,58].

Debon and Tester [83] reported on the binding of Ca2+ and Zn2+ in both acidic and
neutral mediums for LM pectin gels. The authors found that, at a low pH, cations could
not bind to the pectin, as the carboxyl groups were protonated, preventing electrostatic
interactions. At a neutral pH, the Ca2+ and Zn2+ bound to the pectin polymers, allowing
electrostatic interactions between charged carboxyl groups and the cations [83]. The effect
of low pH on gel formation for LM pectin–calcium was also studied by Yang et al. [84].
The authors concluded that when increasing the pH from 3.5 to 8.5, there was a consistent
increase in gel hardness. However, at pH 9.5, a decrease in gel hardness was observed due
to a decrease in molecular weight as a result of β-elimination reactions [84].

3.4.2. The Effect of pH on Alginate Functionality

As the charged nature of the alginate polymer is manipulated by gelling ions, changes
in pH also have the potential to influence alginates’ functional properties and, consequently,
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their rheological properties. It has been reported that at pH 5–11, the alginate shows to
be only minimally influenced, resulting in little changes in an alginate solution’s viscosity.
However, decreasing the pH of a solution to pH < 5 has been shown to induce a type of
acid gelation between the alginate polymer chains. This acid gelation mechanism is similar
to that described for LM pectin acid gelation [23,78].

Although alginate acid gelation has the potential to form gels, even under optimal
conditions, alginate–calcium gels display superior gel properties, such as strength and
water-binding capacity. Acid gelation of a polymer is generally induced at a lower pH
as the polymer electrostatic repulsion is reduced between polymers, resulting in their
aggregation. Specifically, the neutralisation of charged polymer chains is induced by the
introduction of an acidifier, resulting in the protonation of the alginate charge groups.
Gel strength can, therefore, loosely be related to the strength of the acidifier used. In
contrast, incrementally increasing a solution’s pH would deprotonate the polymer chains,
with increased electrostatic repulsion observed between polymer chains, resulting in less
polymer aggregation and, thus, gel formation [23]. Therefore, the formation of alginate
acid gels is not dependent on the formation of junction zones, and therefore, the ratio of
M to G blocks is less likely to affect gel quality than in the case of crosslinking. Alginate
crosslinking and acid gelation must both be considered when determining the functional
potential of alginate, as they can considerably alter the rheology of a food system.

4. Factors Influencing Biofilm Development
4.1. Biofilm Preparation Methods

Film preparation methods have also been shown to influence the properties of biofilms.
Although most authors describe similar film formation processes, deviations thereof have
been shown to have a consequential influence on the resultant film properties. The simplest
of the film-forming procedures employed is the casting method, which has the advantage of
being a batch procedure often used at laboratory scale [15,41,85]. These films are formed by
evenly spreading the film-forming solution onto a non-stick, flat surface according to the de-
sired size and thickness, which, once fixed/dried, is removed [41,86]. This casting method,
used to describe film formation, is also referred to as solvent casting. The casting method
has the advantage that it can also be upscaled into pilot-scaled film-forming operations.

The general procedure used to describe film formation using the casting method
involves a three-step process. Firstly, the biopolymer is solubilised in an appropriate solvent
at the desired concentration, which is usually distilled water in the case of hydrocolloids.
The success of the casting method depends significantly on the solubility of the biopolymer
used in film formation [15]. Secondly, the prepared solution is cast into a mould, Teflon-
coated glass plates or even Petri dishes of an appropriate size and volume. The addition of a
crosslinker must also be considered. Various authors reported on the efficacy of crosslinking
for different biopolymers and accounted for differences in crosslinking potential to the
specific procedure used to introduce a crosslinker into the solution [36,74]. Crosslinkers,
such as calcium, have successfully been used in both the solution formation and casting
steps. However, some authors have reported variations in the crosslinking efficacy at both
solution formation and solution casting steps and found that selecting the appropriate
crosslinking procedure will be dependent on the polymer used and the film properties
required [36,74]. Lastly, the films are formed by the drying of the cast solution. The drying
step is considered essential in the formation of the ‘dry’ films, as it is responsible for the intra-
molecular binding of polymer chains in the solution, which will ultimately determine the
film’s biochemical and mechanical properties displayed. Sufficient time must be allowed for
the solvent to be evaporated and the specific film to be formed. The solvents are generally
removed by various methods, which include drying at room temperature, hot oven drying,
vacuum drying, microwave drying and tray drying. Importantly, some authors have found
that rapid solvent evaporation has resulted in films of inferior biochemical and mechanical
properties [15,17].
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In order for cast films to be considered adequate, they should be free from defects and
display homogeneous properties. Additionally, they must display certain functionality
regarding their mechanical properties, as films displaying poor mechanical resistance
to external forces would unlikely be deemed adequate for application as biodegradable
packaging, regardless of their biochemical properties [15].

4.2. Influence of Natural Plasticisers on Biofilm Development

Once biopolymer films are dried, the film structures are generally always associated
with brittleness, resulting in decreased mechanical properties and workability [15,19].
As research has been focusing on the development of biodegradable packaging from
biopolymers due to their cost-effectiveness, availability and functionality, specifically
regarding their mechanical properties, finding ways to combat film brittleness has also
been actively pursued. Natural plasticisers have been investigated for their potential to
improve the films’ workability while maintaining their biodegradable characteristics [19,87].
Plasticisers are considered low-molecular-weight agents added to film-forming solutions
to aid in their flexibility, allowing for easy handling and film processing [10,36]. In research
by Gao et al. [87], glycerol and sorbitol were evaluated concurrently for their efficacy as a
plasticiser in ‘dry’ alginate films. The authors reported that the addition of the plasticisers
resulted in increased homogeneity of the films; however, there was a decrease in the films’
TS values and increased %E values. The authors promoted the use of glycerol over sorbitol
as it showed improved plasticisation efficacy, as glycerol-plasticised films had greater
flexibility due to their smaller particle size and superior hydrophilic properties [87]. The
increased flexibility of the films has been related to a decrease in the intermolecular forces,
which act along the polymer chains and allow for increased chain mobility, which is of
importance in ‘dry’ films that are characterised by strong, cohesive structures [19,36]. Work
performed by Barbut and Harper [10], who formed ‘dry’ biopolymer films with alginate,
showed that glycerol inclusions had little effect on the tensile and puncture measurement
of the films. However, the authors indicated that increasing the glycerol in the film-forming
solutions could result in increased mechanical differences between the plasticised films
and those not plasticised [10]. Multiple researchers have thus highlighted the necessity of
the inclusion of a natural plasticiser in the development of biodegradable packaging from
biopolymers, often referring to them as essential in ‘dry’ film formation for both crosslinked
and uncrosslinked films [10,19].

5. Pectin and Alginate Biofilm Development
5.1. Homopolymeric, Single-Polymer Biofilms

‘Dry’ biopolymer packaging is considered a pre-formed film that can be moulded into
a specific shape and used to separate food from the direct environment. ‘Dry’ is explicitly
used to describe the low moisture content of a diverse range of films, formed as laminates,
that can be stored and used as required with no adverse effects regarding their structural
and biochemical attributes [8,16]. However, variations in the processes of the development
of ‘dry’ biofilms must be considered. In the work completed by Galus and Lenart [17], the
authors described the formation of ‘dry’ biofilms. The films were formed by preparing
film-forming solutions of biopolymers (specifically alginate or pectin) with the addition
of calcium as a crosslinker. The same amounts (15 mL) of film-forming solutions were
poured (cast) into 150 mm Petri dishes for all films formed. The moisture was removed
from the films by drying them at room temperature (25 ◦C) for 24 h, forming the biofilms,
which thereafter could further be evaluated for their physicochemical and mechanical
properties [17]. Harper [47] described ‘dry’ biofilms, in the context of their research, as
films that had the majority of their water removed and could thereafter be stored and used
in that specific ‘dry’ form. Various authors agree with this definition of a ‘dry’ biofilm, with
most authors reporting that ‘dry’ biofilms contain about 4%–7% moisture once dried [88].
The authors made use of an oven to remove the moisture from the films, usually set below
50 ◦C. However, some authors have let the films dry at room temperature with sufficient
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ventilation. ‘Dry’ biofilms formed at room temperature usually require longer drying
periods than oven-dried films [17,35,88,89].

Generally, ‘dry’ biofilms can be divided into two main categories: those that are
crosslinked or gelled (often referred to as hydrogel films) and those that are uncrosslinked.
The specific functional ability of polyelectrolyte hydrocolloids to crosslink with cations,
such as calcium, has been exploited in the development of these biofilms, as crosslinking
has been shown to structurally influence the properties of the resultant films [8,17,88].
These two types of ‘dry’ films are often investigated concurrently with each other, as both
crosslinked and uncrosslinked films have shown potential biochemical and mechanical
variations, influencing their specific applications [2,4].

Regarding this current review, pectin’s influence on the rheology of a solution and its
ability to form hydrogels, specifically harnessed in the development of biofilms, is most
important. Pectin is also well known for its ability to form gels, which can be considered
critical in the development of biopolymer films. Both HM and LM pectin types are available
commercially, with both pectin types possessing gelling potential, each with unique factors
influencing their gelation [33,62].

In research conducted by da Silva et al. [36], various properties of ‘dry’ pectin biofilms
were investigated. It was found that pectin successfully produced biofilms displaying
adequate strength and elasticity. Furthermore, the authors also suggested that biofilms
require the addition of plasticisers and can display enhanced mechanical properties by
adding calcium as a crosslinker. Kang et al. [90] investigated the TS and %E of pectin
biofilms. The authors formed films by immersing the pectin films into 5 and 10% CaCl2
solutions acting as a crosslinker. Films were prepared with no addition of calcium, which
was considered the control film. The results confirmed that films formed using 5% CaCl2
showed increased TS of 198 MPa higher than the control films. Furthermore, 5% CaCl2
crosslinked films showed the lowest elongation at a break potential of 2.6% [90]. Due
to pectin’s ability to successfully form biofilms, multiple authors have investigated the
development of pectin biofilms for various applications [41].

Over the years, alginate’s functional ability to form hydrogels has been exploited in the
development of biofilms. Specifically, ‘dry’ biofilms, developed from sodium alginate, have
been extensively researched [4,10,36,91]. Although crosslinkers are not set as a requirement
in the development of ‘dry’ alginate biopolymer films, much research has investigated the
influence a crosslinker has on the functional properties of alginate films, as the alginate
polymer possesses the unique ability to form hydrogels with the addition of gelling cations,
such as Ca2+ and Mg2+. Badita et al. [91] investigated the influence of calcium, used as a
crosslinker, on ‘dry’ alginate biofilm properties. The authors found that alginate–calcium
film properties were considerably influenced by both the crosslinker and the concentration
of the crosslinker used. It was further confirmed that hydroxyl and carboxylic groups,
associated with the alginate polymer chemical structure, were responsible for the hydrogel
formation with the addition of calcium, highlighting the benefits of calcium as a crosslinker
in biofilm formation [91]. Rhim [88] also investigated the influence of calcium, in the CaCl2
form, on ‘dry’ alginate film physical properties. Comparing two different procedures used
to treat the films with CaCl2 showed that by immersing alginate films in a CaCl2 solution,
superior film strength was achieved compared to films with CaCl2 mixed into the film-
forming solution before they were cast. The authors further showed a strong link between
increased film strength and the resulting decreased film elasticity. This phenomenon was
specifically related to the crosslinking of alginate polymer chains with calcium, which was
responsible for the development of a more structured film network. Van Rooyen et al. [2]
also noted a similar phenomenon in work conducted on pectin and alginate biofilms reacted
with calcium. The authors specifically suggested that an increase in film strength was often
associated with a decrease in film elasticity and vice versa [2].

Lastly, increasing the calcium concentration further increased the’ dry’ alginate film
strength [88].
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As in the case of ‘dry’ pectin biofilms, the addition of a plasticiser has also been
strongly recommended and, in some cases, deemed essential in the development of ‘dry’
alginate biofilms. Natural plasticisers, such as glycerol, have been recommended for their
ability to improve alginate film properties [36,87].

5.2. Blend/Composite Biofilms

In general, composite or blended biofilms are formed when two or more polymers
interact. Composite matrixes have been successfully developed using a vast range of
polysaccharides, including alginate, pectin, mucilage, gelatine and many other gelling
and non-gelling macromolecules [17,36,92–94]. These mixtures have become ubiquitous,
specifically for their application as naturally biodegradable packaging in the food indus-
try [10,17,36,95]. The process of integrating two or more polymers in a matrix is considered
advantageous, as these mixtures allow for enhanced functional potential, which would not
be possible if only the individual polymer functionality were considered. These enhanced
interactions between different polymers are often regarded as synergistic collaborations,
resulting in the development of unique and desirable functional properties [1,2,16,17,95].
Enhanced functional properties include optimised viscosity and gel strength, increased
stability of structures and additional unique synergistic effects between different poly-
mers [95]. Importantly, components carrying a neutral charge have also been proven to
enhance certain desirable properties of a specific system [10,93,94,96]. Research has shown
that although there might be a complete lack of attracting interactions between the dif-
ferent polymers in a system, one polymer can still impart certain enhanced functional
properties onto another polymer [95]. The functional properties displayed by the different
biopolymers will depend on the type of interactions that are possible between the different
components in the matrix. There are typically two types of interactions: firstly, the forma-
tion of disordered structures, which interact primarily on space occupancy, or, secondly, the
formation of ordered structures, which allow for stable associations resulting in compact
and structured networks [97].

Composite polymers find multiple applications, with extensive research published on
their success at enhancing biopolymer films’ biochemical and mechanical properties. These
enhanced properties have resulted in broadening natural packaging’s range of applications
and improving its food protection properties from a structural and microbial perspec-
tive [2,12,14,17]. As with singular biopolymer film formation, certain properties are altered,
allowing successful biofilm formation. These include the addition of crosslinking agents,
pH alteration, polymer concentration and film preparation methods, as already discussed.
These principles governing homopolymeric film formation must also be considered for
composite and/or blend biofilms, as they have also been shown to influence their biochem-
ical and mechanical properties [14,17]. Specifically, charged biopolymers have extensively
been considered in the development of biofilms as they may enhance certain film properties
due to their ability to form gels. Hydrocolloids are of specific importance due to their
ability to form stable polymeric networks that display a high affinity to incorporate large
amounts of water. Research has explored the abilities of natural polymers such as alginate,
carrageenan and pectin in the development of natural films [17,98,99].

Other than single-polymer film formation, composite polymer matrixes may or may
not co-exist to form a single phase as it has shown that they can also partially associate or
completely separate in solution depending on the compatibility of the different components
introduced into the system [47,100]. If more than one of the biopolymers in a composite
matrix is allowed to act as a gelling agent, one of three types of gels can be formed,
namely complex, mixed or filled gels. A complex gel is formed when the polymers interact,
resulting in a gel formation [47]. If the two polymers form independent networks, a mixed
gel is formed (synergistic), and filled gels are formed when one polymer is filled into the gel
network of another. Filled gels can either be considered disruptive, resulting in a weakened
gel structure or reinforcing, allowing for increased strength of the gel structure [101]. These
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properties are important when understanding the interactions of polymers and the resultant
functional properties displayed.

As mentioned, the degree of altered functionality of a biofilm (when compared to
the homopolymeric biofilms) will be dependent on the compatibility, or lack of compati-
bility, between the different components used in the film matrix, ultimately affecting the
microstructure of the films and thus their functional properties. More cohesive and homo-
geneous films are formed when there is a high degree of compatibility between different
components within a film. When less compatible components are allowed to interact, it
generally results in a more irregular film matrix due to the heterogeneous distribution
of components, allowing for variations in the mechanical properties of the films, often
resulting in phase separation between the different components [14,17,102]. A lack of
specific attractive interactions between different polymers can result in poor mechanical
properties displayed by the films. However, there are instances where a lack of attract-
ing interactions does not indicate biocompatibility, allowing composite films to display
enhanced or improved functional properties.

Pectin has, however, been used not only as an exclusive polymer in developing ho-
mopolymeric biofilms but also in combination with other biopolymers and macromolecules
in forming composite/blend pectin biofilms. Work has been completed to understand
the impact of composite pectin hydrogel films’ functional properties on improving film
biochemical and mechanical properties. Some authors have reported that the combination
of pectin and alginate impacts the physio-chemical and mechanical properties displayed by
this gel and film formation compared to single-polymer films [17,35,36]. These composite
applications have been suggested to satisfy the limitations of the individual polysaccha-
rides regarding biopolymer film formation and to allow for additional functionalities that
would not usually be associated with the individual polymers used in composite pectin
film development. The research has clearly highlighted the importance of these composite
applications, especially regarding the role of pectin in functionality [2,17,36,41].

As with most commercial polysaccharides, alginate has also been considered in the
development of composite biopolymer films [10,17]. Some authors have reported on a
certain synergistic interaction between various polymers used in combination with alginate
that is responsible for enhancing certain, and in some cases, multiple, physical properties
of alginate-based ‘dry’ biopolymer films. Of specific interest is composite films’ ability to
enhance alginate films’ mechanical properties, such as strength and elasticity [2]. Barbut
and Harper [10] investigated the influence carrageenan and cellulose had on alginate-based
‘dry’ films. Although cellulose negatively influenced the alginate films’ tensile strength
and elasticity, carrageenan’s superior synergy with alginate did not negatively impact the
film TS and %E, highlighting various polymers’ potential to interact differently with one
another. The authors concluded that investigating composite films is essential in developing
packaging that meets the needs of a specific application, which would be likely when
considering only single-polymer film capabilities [10]. Paşcalau et al. [89] investigated the
influence crosslinking with calcium had on composite alginate and carrageenan composite
films with glycerol as a plasticiser. The authors found that in some instances, uncrosslinked
alginate-based films’ tensile strength was negatively influenced by carrageenan. However,
crosslinking the films resulted in an unpredicted synergistic interaction between the two
polymers, increasing the film strength from ±34 MPa to 51 MPa. These values were
considered to be much higher than the sum of the two individual polymers’ strengths.
Although the phenomenon of increased film strength, linked to a decrease in film elasticity,
was reported, carrageenan could still increase the alginate-based film’s elasticity [89].

Similarly to ‘dry’ single-polymer alginate films, glycerol has been well researched
and recommended as a plasticiser for composite alginate films. In research completed by
Barbut and Harper [10], glycerol was recommended as a plasticiser as it was shown to have
a noticeable impact on the mechanical properties of composite alginate films.
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6. Conclusions

Pectin and alginate are biopolymers that have both shown excellent potential for use
in the development of biofilms, finding potential applications in naturally biodegradable
food packaging. However, displaying varying molecular structures and understanding
the factors influencing their biofilms have shown to be essential when considering these
biopolymers as potential natural packaging alternatives to conventional plastic-based
packaging. It was also seen that various biofilm development methods must be evaluated
concurrently with the polymer’s functional potential to provide a holistic and optimised
view of pectin and alginate biofilm development capabilities, which was provided in
this review.
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73. Wellner, N.; Kačuráková, M.; Malovíková, A.; Wilson, R.H.; Belton, P.S. FT-IR Study of Pectate and Pectinate Gels Formed by
Divalent Cations. Carbohydr. Res. 1998, 308, 123–131. [CrossRef]

74. Sriamornsak, P.; Kennedy, R.A. Swelling and Diffusion Studies of Calcium Polysaccharide Gels Intended for Film Coating. Int. J.
Pharm. 2008, 358, 205–213. [CrossRef]

75. Mørch, Ý.A.; Donati, I.; Strand, B.L.; Skjåk-Bræk, G. Effect of Ca2+, Ba2+, and Sr2+ on Alginate Microbeads. Biomacromolecules
2006, 7, 1471–1480. [CrossRef] [PubMed]

76. Chan, L.W.; Jin, Y.; Heng, P.W.S. Cross-Linking Mechanisms of Calcium and Zinc in Production of Alginate Microspheres. Int. J.
Pharm. 2002, 242, 255–258. [CrossRef] [PubMed]

77. Paques, J.P.; Van Der Linden, E.; Van Rijn, C.J.M.; Sagis, L.M.C. Preparation Methods of Alginate Nanoparticles. Adv. Colloid
Interface Sci. 2014, 209, 163–171. [CrossRef]

78. George, M.; Abraham, T.E. Polyionic Hydrocolloids for the Intestinal Delivery of Protein Drugs: Alginate and Chitosan—A
Review. J. Control. Release 2006, 114, 1–14. [CrossRef]

79. Jang, L.K.; Nguyen, D.; Geese, G.G. Effect of pH on the Absorption of Cu(II) by Alginate Gel. Water Res. 1995, 29, 315–321.
[CrossRef]

80. Davis, T.A.; Volesky, B.; Mucci, A. A Review of the Biochemistry of Heavy Metal Biosorption by Brown Algae. Water Res. 2003, 37,
4311–4330. [CrossRef] [PubMed]

81. Abu Al-Rub, F.A.; El-Naas, M.H.; Benyahia, F.; Ashour, I. Biosorption of Nickel on Blank Alginate Beads, Free and Immobilized
Algal Cells. Process Biochem. 2004, 39, 1767–1773. [CrossRef]

82. Pathak, T.S.; Yun, J.H.; Lee, S.J.; Baek, D.J.; Paeng, K.J. Effect of Cross-Linker and Cross-Linker Concentration on Porosity, Surface
Morphology and Thermal Behavior of Metal Alginates Prepared from Algae (Undaria pinnatifida). Carbohydr. Polym. 2009, 78,
717–724. [CrossRef]

83. Debon, S.J.J.; Tester, R.F. In Vitro Binding of Calcium, Iron and Zinc by Non-Starch Polysaccharides. Food Chem. 2001, 73, 401–410.
[CrossRef]

84. Yang, X.; Nisar, T.; Liang, D.; Hou, Y.; Sun, L.; Guo, Y. Low Methoxyl Pectin Gelation under Alkaline Conditions and Its
Rheological Properties: Using NaOH as a pH Regulator. Food Hydrocoll. 2018, 79, 560–571. [CrossRef]

85. Du, W.X.; Avena-Bustillos, R.J.; Sheng, S.; Hua, T.; McHugh, T.H. Antimicrobial Volatile Essential Oils in Edible Films for Food
Safety. Sci. Against Microb. Pathog. Commun. Curr. Res. Technol. Adv. 2011, 2, 1124–1134.

86. Campos, C.A.; Gerschenson, L.N.; Flores, S.K. Development of Edible Films and Coatings with Antimicrobial Activity. Food
Bioprocess Technol. 2011, 4, 849–875. [CrossRef]

87. Gao, C.; Pollet, E.; Avérous, L. Innovative Plasticized Alginate Obtained by Thermo-Mechanical Mixing: Effect of Different
Biobased Polyols Systems. Carbohydr. Polym. 2017, 157, 669–676. [CrossRef] [PubMed]

88. Rhim, J.W. Physical and Mechanical Properties of Water Resistant Sodium Alginate Films. LWT—Food Sci. Technol. 2004, 37,
323–330. [CrossRef]
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