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A B S T R A C T   

Alginate, a polymer mainly derived from seaweed, has garnered significant attention owing to its renewability, 
biocompatibility, biodegradability, and exceptional gel formation characteristics, rendering it highly versatile for 
numerous applications. Recognizing the imperative for tailored bulk materials, this review scrutinizes the pro-
cessing methodologies of alginate-based bulk materials and delineates strategies to improve their properties, 
encompassing ionic crosslinking, plasticization, and hybridization with other polymers and/or fillers. It explores 
noteworthy alginate-based blends with natural polymers like polysaccharides and proteins, alongside fossil- 
based polymers like poly(vinyl alcohol). It also examines alginate-based composites incorporating various 
nanofillers such as cellulose nanoparticles, graphene, and nanoclays. The processing techniques for these 
multiphase alginate-based systems encompass solution casting, coating, spinning, 3D printing, and thermo-
mechanical processing. Strategies for crosslinking alginate, plasticizing it, and optimizing its interactions with 
other polymers/fillers are outlined, bearing repercussions on the resultant materials properties. This review 
emphasizes the structure–process–property relationships of these multiphase systems in bulk and highlights 
synergistic effects and potential impediments to property improvements. It surveys prospective applications for 
alginate-based multiphasic bulk materials, spanning membrane separation, controlled release, wound healing, 
tissue engineering, food packaging, and agricultural domains. Finally in this field, knowledge gaps have been 
identified and future research directions are suggested.   

1. Introduction 

Polysaccharides have commanded attention for centuries, offering a 
vast array of applications across various fields. Their distinctive attri-
butes, including hydrophilic nature, thickening capabilities, adhesion, 
and binding properties, coupled with their cost-effectiveness, renew-
ability, widespread availability, and biodegradability, position them as 

versatile contenders. Alginate is a prominent polysaccharide sourced 
from seaweed, extensively utilized. Since their initial extraction in 1881, 
alginates have found applications spanning diverse fields like food, 
pharmaceuticals, biomedicine, textile printing, and paper 
manufacturing [1]. Primarily harnessed in liquid or gel states, alginates’ 
captivating thickening attributes and gel-forming prowess underpin 
their use across these applications [2]. Moreover, in recent years, with 
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alginate recognized as a prominent “blue carbon” source, coupled with 
its complete compostability, alginate-based bulk materials have 
garnered significant interest in both research and industry domains, 
driven by the aspiration to mitigate environmental repercussions. Over 
the past few years, a multitude of startups have emerged all over the 
world, specializing in seaweed-based packaging. These innovative 
companies produce a wide range of smart products, such as films, sauce 
sachets, edible liquid packaging, cardboard and paper coatings, retail 
bags, drinking straws, pipettes, cups, takeaway boxes, and vegan 
leather. Alginate, a key component of seaweed, serves as a pivotal 
ingredient in these sustainable packaging solutions. 

In the present day, alginate stands as the fourth most utilized poly-
saccharide in the EU [3]. Nonetheless, the utilization of alginates in solid 
and bulk forms (like films, fibers, and processed solid parts) for pack-
aging and other technical applications could be limited by their inferior 
mechanical properties and high susceptibility to water [2]. To address 
these concerns, different strategies can be used, including chemical 
derivatization and the development of multiphase systems like blends 
and (nano)composites through various processing methods. The latter 
proves to be a cost-effective and environmentally beneficial route for 
achieving desired properties to meet diverse requirements, as compared 
to the chemical alteration route. 

Many reviews have been published on alginate, covering several 
topics such as extraction [4], chemical modification [5,6], various forms 
like microspheres/particles [7–10] and fibers [11,12], 3D printing [13], 
as well as its application in specific areas including wound dressing [14], 
drug delivery [7,9], tissue engineering [15–17], and environmental 
treatment [18,19]. While reviews on alginate blends and composites 
have been recently published [12,14,16,19,20], they have primarily 
focused on specific applications. Notably absent are reviews that focus 
on the design and processing of alginate-based multiphase materials 
customized for various applications such as packaging, cutlery, separa-
tion membranes, biomedical patches, scaffolds, as well as components 
for sensing, electronic and energy devices, which necessitates the crea-
tion of bulk materials. This forms the core objective of this review. The 
aim is to delve into the advancements in alginate-based multiphase 
systems encompassing blends and (nano)composites, with a particular 
emphasis on the associated processes and resulting enhancements in 
material properties. This comprehensive review could serve as a valu-
able resource for devising alginate-based multiphase systems that can 
deliver desired attributes. Ultimately, it sheds light on the potential of 
these materials for environmentally responsible applications. 

2. Alginate 

2.1. Alginate production 

Alginate is mainly present within the cell walls of brown algae in the 
form of calcium, magnesium, and sodium salts of alginic acid, and it 
comprises up to 40 % of the dry matter of brown algae [21]. Sodium 
alginate is known for its stability, while alginic acid is considered less 
stable. Today, significant quantities of sodium alginate, calcium algi-
nate, potassium alginate, and ammonium alginate are manufactured. 
Additionally, specialized varieties such as zinc alginate, copper alginate, 
sodium calcium alginate, ammonium calcium alginate, and propylene 
glycol alginate (PGA) serve specific purposes [22]. These commercial 
alginates are predominantly sourced from three brown algae: Macro-
cystis, Laminaria, and Ascophyllum [23], with an annual production of at 
least 30,000 metric tons [24,25]. 

Alginate extraction traditionally follows a multi-step process, start-
ing with mechanical treatments to increase the surface area of the raw 
material. This is followed by acidification, using either HCl or CaCl2, to 
remove counter ions and some impurities, resulting in insoluble alginate 
acid. Subsequently, alkaline extraction with NaOH or Na2CO3, along 
with solid-liquid separation through centrifugation or filtration, 
removes residual seaweed and produces soluble sodium alginate. The 

subsequent stages include precipitation, drying, and grinding [4,25]. 
Alginate precipitation pathways can be categorized into three main 

routes:  

(i) The alcohol precipitation: this route mainly with ethanol stands 
out as the predominant method for precipitating sodium alginate.  

(ii) The calcium chloride route: this process is initiated with the 
formation of calcium alginate, followed by filtration, and 
washing with distilled water to eliminate surplus calcium. After 
this, an acid treatment, typically with HCl, is implemented to 
transform it into alginic acid.  

(iii) The hydrochloric acid pathway: this last route yields alginic acid, 
which is then isolated through a flocculation-flotation process 
and/or centrifugation. 

Alginic acid obtained from route (ii) and (iii) can be transformed into 
various commercial alginate forms through alkaline neutralization. 
Commonly utilized solutions for this purpose encompass Na2CO3, 
CaCO3, K2CO3, MgCO3, (NH4)2CO3, or C3H6O, resulting in the produc-
tion of sodium alginate, calcium alginate, potassium alginate, magne-
sium alginate, ammonium alginate, and PGA, respectively [4,25–27]. 

Novel extraction methods involve ultrasound, microwave, enzyme- 
assisted, and extrusion techniques, offering alternatives to conven-
tional methods [4,25]. 

In addition, bacterial alginates can be generated as extracellular 
materials by bacteria like Azotobacter vinelandii and Pseudomonas aeru-
ginosa [23,24]. Currently, they are not produced commercially. 

2.2. Chemical structure and physicochemical properties of alginate 

Alginate presents as a linear block polymer, comprising 1,4-linked 
β-D-mannuronate (M) and α-L-guluronate (G) (Fig. 1a). These two 
monomeric units can assemble into three block types: GG blocks, MM 
blocks, and alternating M and G units. Distinct blocks display varying 
degrees of softness: (i) GG blocks exhibit pronounced rigidity due to 
steric hindrance [28,29]; (ii) MM blocks create highly flexible structures 
[30], and (iii) MG blocks incorporate the most flexible components 
owing to equatorial-axial bonding [31,32]. The distribution and pro-
portion of these three blocks fluctuate based on factors such as the 
source, geographical origin, degree of maturity, and harvesting time 
[33,34]. 

Commercial alginates exhibit molar masses spanning from 34 to 
400 kDa, boasting viscosities in 1 % solutions that span 10–1000 mPa⋅s 
(degree of polymerization (DP) range of 100–1000 units), their values 
modulated through adjustments in extraction conditions [16,35]. 

Common alginates, including alginate salts (e.g., sodium, potassium, 
and ammonium alginates) and PGA, can be readily dissolved in water. 
The viscosity of alginate solutions increases with reducing pH, peaking 
around pH 3–3.5. This occurs as carboxylate groups in the alginate 
backbone become increasingly protonated, leading to the formation of 
higher hydrogen bonds contents [28]. Sodium alginate can also be 
rapidly dissolved in mixtures of water and hydrophilic organic solvents 
like ethanol, isopropanol, and acetone at optimal concentration 
(50–70 %) [36]. Moreover, tetrabutylammonium (TBA) salts of alginic 
acid can be dissolved in polar aprotic solvents containing tetrabuty-
lammonium fluoride (TBAF) [37]. Among various alginates, sodium 
alginate has been predominantly utilized as the raw material for studies 
on alginate materials, as reviewed in this article. 

Alginate exhibits distinctive colloidal properties, encompassing 
thickening, stabilization, suspension, film formation, gelation, and 
emulsion stabilization. These properties render it invaluable for various 
applications in the realms of food, food packaging, and biomedical fields 
such as wound healing, drug delivery, in vitro cell culture, and tissue 
engineering [28,38]. Films crafted from alginate demonstrate robust-
ness and resistance to oil and grease [39]. However, like other poly-
saccharides, they exhibit poor water resistance owing to their inherent 
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hydrophilicity [40]. Consequently, alginate is often blended with other 
biopolymers or biobased polymers to enhance the mechanical properties 
of the films [38]. 

The gelation property of alginate primarily stems from its remark-
able ability to bind divalent ions. Alginates exhibit varying affinities 
towards divalent ions, with the hierarchy being Pb > Cu > Cd > Ba > Sr 
> Ca > Co, Ni, Zn > Mn [41]. Among these, calcium (Ca2+) stands out as 
the most frequently employed divalent ion for alginate gelation. Algi-
nate can establish 3D crosslinked networks through electrostatic inter-
action, hydrogen bonding, and van der Waals forces, linking divalent 
ions like Ca2+ with the ─COO− , ─OH, and C─O─C groups in G blocks—a 

model known as “egg box” (Fig. 2a,b). Ca2+ ions are believed to selec-
tively bind to the G blocks of alginate chains [42,43]. This preference 
arises from the structural characteristics of the G blocks, which facilitate 
a high degree of coordination with divalent ions [28]. In addition to the 
principal formation of egg-box dimers at lower concentrations of Ca2+, a 
lateral aggregation of the egg-box dimers at higher concentrations of 
Ca2+ (Fig. 2c) [44]. Additionally, research has shown that this junction 
zone aggregation occurs during dehydration and is largely reversible 
upon rehydration [45]. 

The concentration of polyvalent ions can affect the stability of the 
resulting crosslinks. It was shown that a low amount of Ca2+ leads to 

Fig. 1. Chemical structures of alginate and other polysaccharides for developing alginate-based blends.  
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temporary associations with alginate chains, while higher concentra-
tions promote relatively permanent associations [46]. 

While CaCl2 is commonly used to ionically crosslink alginate, its high 
solubility in water often results in rapid and uncontrolled gelation. One 
approach to mitigate this issue involves using a phosphate buffer, such 
as sodium hexametaphosphate (Na6[(PO3)6]). The phosphate groups in 
the buffer compete with alginate’s carboxylate groups (─COO− ) for 
Ca2+ ions, effectively slowing and controlling gelation. Additionally, 
calcium sulfate (CaSO4) and calcium carbonate (CaCO3), with their 
lower solubilities, can also prolong the working time of alginate gels by 
reducing the gelation rate. Moreover, At lower temperatures, the reac-
tivity of Ca2+ decreases, leading to a slower rate of crosslinking [28]. 

The conversion of soluble alginate in salt form into insoluble alginic 
acid in free acid form under acidic conditions allows H+ ions to interact 
with both the ─COO groups of the G and M blocks of alginate. This 
interaction forms an alginic acid gel, which also increases crosslinking 
density and thereby enhances film-forming properties [47]. 

2.3. Preparation of alginate-based bulk materials 

This section explores techniques for fabricating alginate-based bulk 
materials, including films, coatings, tubes, and fibers. While traditional 
methods are elucidated, innovative approaches are also emphasized. 
Please note that the discussion does not encompass alginate-based par-
ticles or microemulsions. 

2.3.1. Solution casting 
Like for other polysaccharides, solution casting stands as the preva-

lent technique for the fabrication of alginate films, especially with 
extensive research studies on the laboratory scale. This is because algi-
nate salts and PGA are soluble in water as discussed above. In this 
approach, alginate initially dissolves in water, forming a homogeneous 
solution, followed by casting in a mold or dish or on a substrate. Sub-
sequently, the elimination of most of the solvent in the polymer solution 
through a drying process allows the polymer to solidify into a thin film. 
As a typical example, Santos et al. [48] used 1.5 % (w/v) sodium algi-
nate solution obtained by mixing the polymer in water at 70 ◦C for 1 h 
and then dried the cast film from this solution at 40 ◦C for 24 h in an air 
circulation oven. This casting method resulted in transparent, glossy, 
flexible, soluble alginate films [49]. 

Alginate films can also be directly formed (without a drying process) 
by treating alginate solutions with Ca2+ to trigger the crosslinking of 
alginate. There are two primary methods for Ca2+ crosslinking of algi-
nate materials: the “diffusion” method and the “internal setting” method 

[5]. In the diffusion method, crosslinking ions diffuse into the alginate 
solution from an external reservoir. This process often results in gels 
with a crosslink density gradient across their thickness due to polymer 
chain diffusion during the action of Ca2+ ions, although this effect can be 
mitigated by the introduction of non-crosslinking salts like Na+ and 
Mg2+ [50]. On the other hand, in the “internal setting” method, an ion 
source is embedded within the alginate solution. A controlled trigger, 
often pH or solubility of the ion source, initiates the release of cross-
linking ions into the system, resulting in gels with uniform crosslinking 
throughout [5]. The ion source typically consists of insoluble calcium 
salts such as CaCO3, and a change in pH caused by a slowly hydrolyzing 
lactone such as D-glucono-δ-lactone (GDL) triggers the release of Ca2+

ions internally, leading to gel formation [51–54]. 
To address the challenge of uneven crosslinking (gelation) arising 

from the rapid Ca2+ crosslinking of alginate via the external diffusion 
crosslinking approach, researchers have explored an alternative 
method: exposing a sodium alginate solution to an aerosolized spray of 
CaCl2 solution [55,56]. This method has been shown to yield planar 
alginate hydrogels. 

The properties of dried alginate films can be enhanced by further 
Ca2+ treatment. This can be achieved by immersion of dried sodium 
alginate films into a CaCl2 solution [47,57–77], or spraying an aqueous 
solution of CaCl2 onto dried sodium alginate films [78]. Crossingham 
et al. [58] showed that, in comparison to alginate film prepared using 
the diffusion method, a dried alginate film immersed in 0.34 M aqueous 
CaCl2 exhibited a denser structure, higher mechanical strength, reduced 
rehydration in water and 0.1 M HCl, and lower in vitro diffusivity for a 
model drug, theophylline. Li et al. [79] discovered that incorporating 
ethanol into a CaCl2 aqueous solution for crosslinking alginate enhanced 
the visual appearance, thickness, surface homogeneity, and mechanical 
properties of the films. These improvements were attributed to the 
reduced swelling degree of the films during the crosslinking process. 
However, the degree of Ca2+ crosslinking decreased when the ethanol 
content exceeded 30 % (v/v) [79]. 

Additionally, ultrasonic atomization has been demonstrated to treat 
dried alginate films with Ca2+ [80]. In this study, calcium glucono-
lactate served as the crosslinking agent, which is particularly advanta-
geous for food packaging applications as CaCl2 can impart a bitter taste 
whereas calcium gluconolactate is a commonly used food additive. 

Notably, in some studies [61,78,81–83], a two-stage crosslinking 
approach was utilized. Initially, divalent ions were mixed into 
film-forming formulations for weak crosslinking of alginate in the first 
stage. Subsequently, the dried cast film was immersed in a more 
concentrated divalent ion solution for further crosslinking in the second 
stage. 

Lyophilization serves as a valuable method for producing micropo-
rous materials based on alginate. It can be applied to CaCl2-crosslinked 
alginate gels [84–86], or performed before CaCl2-crosslinking [87–90]. 
Moreover, microporous structures can be induced through 
freeze-gelation. This process involves initially freezing an alginate so-
lution to facilitate polymer/water phase separation, followed by 
immersing the frozen sample into a pre-cooled ethanol solution con-
taining the optimal concentration of CaCl2 at a subzero temperature. The 
samples are then washed and air-dried to complete the procedure [91]. 

2.3.2. Coating 
Coating the surface of items, such as food items, can be easily 

accomplished by dipping the item into an alginate film-forming solution 
[92–94]. Subsequent air-drying allows the formation of a coating film on 
the item’s surface [92]. Alternatively, after draining excess alginate 
solution, the item can be promptly immersed in a Ca2+ solution to 
initiate the crosslinking of the alginate [93–96]. 

In addition, the vacuum impregnation (VI) method has demonstrated 
the ability to create a thicker, more effective coating by efficiently 
incorporating the solution into porous solid matrices containing air, 
such as fruits and vegetables. VI coating process involves immersing the 

Fig. 2. Schematic representation of the hierarchical structure of egg-box 
junction zones in alginate/calcium gels: (a) Ca2+ coordination within a cavity 
formed by two guluronate sequences along alginate chains.; (b) Egg-box dimer, 
and (c) Lateral aggregation of egg-box multimers. Solid black circles indicate 
oxygen atoms potentially involved in Ca2+ coordination, while open circles 
represent Ca2+ ions. Reprinted from [44], with permission from ACS Publica-
tions, Copyright 2007. 
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item first into an alginate film-forming solution, followed by the appli-
cation of vacuum. Subsequently, after restoring atmospheric pressure, 
the item is left to drain [94]. 

In addition to dipping, coatings can also be applied by spraying 
coating solutions onto targeted surfaces. A spray system enhances the 
liquid’s surface area by forming droplets and dispersing them across the 
food surface via a series of nozzles. This technique offers several ad-
vantages, including uniform coating, precise thickness control, and the 
capability for multilayer applications, such as alternating sodium algi-
nate and CaCl2 solutions. Furthermore, spraying systems preserve the 
integrity of the coating solution, enable temperature control of the so-
lution, and support the automation of continuous production. Key 
physical properties of the liquid, such as viscosity, density, and surface 
tension, play crucial roles in generating controlled droplets [97]. 

Various studies have highlighted the advantages of multi-layer 
coatings containing alginate and other polysaccharides when applied 
to fresh fruits and vegetables. These coatings demonstrate enhanced 
adhesion to the surfaces of freshly cut produce and offer improved 
functionality, including antimicrobial properties and water vapor bar-
rier effects, resulting in extended shelf life [98–101]. This enhancement 
is achieved through layer-by-layer (LbL) techniques. For instance, pieces 
of fresh-cut watermelon or pineapple were sequentially dipped into 
various solutions, including a 2 wt% Ca2+ solution, a solution 
comprising 1 % sodium alginate plus a 2 wt% antimicrobial agent, a 
2 wt% pectin solution, and finally, the Ca2+ solution again [99,100]. In 
another example, fresh-cut melon pieces were first immersed in a 1.5 % 
alginate solution, followed by immersion in a 5 wt% CaCl2 solution to 
crosslink the alginate and rinsing with water; subsequently, the pieces 

Fig. 3. Schematic illustrations of (A) the fabrication of Janus-morphological fibers using wet spinning; (B) the electrospinning of alginate in ethanol-free Ca2+

solutions, exhibiting pH-controlled release behavior. (C) a typical direct-ink-writing 3D printing principle for alginate-based inks relying on a Ca2+-containing bath 
for post-extrusion crosslinking. (D) the directional diffusion assembly (DDA) method for seaweed-based straw fabrication. (a) Ca2+ diffusion and (b) change in 
crosslinking density during fabrication steps. 
(a) (A) is reprinted from [108] with permission from Elsevier, Copyright 2021. (b) (C) is reprinted from [110] with permission from the Royal Society of Chemistry, 
Copyright 2020. (c) (B) is reprinted from [109] with permission from ACS Publications, Copyright 2023. (d) (D) is reprinted from [111] with permission from ACS 
Publications, Copyright 2023. 
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were immersed in a 1.5 wt% chitosan solution, and air-dried at room 
temperature [101]. In the latter scenario, polyelectrolyte complexation 
occurred between the layers of alginate and chitosan, which possess 
opposite charges. This process resolves the issue of alginate and chitosan 
mixture in solution, which often results in sedimentation rather than a 
homogeneous solution. 

One of the main advantages of these coating techniques is that 
coating can be formed around complex-shaped or rough surfaces. In 
addition to dip coating and spray coating, other coating techniques 
include spin coating [56,102,103], blade coating [104], and slot die 
coating [105], all of which hold potential for fabricating alginate thin 
films. Blade coating and slot die coating offer the main advantage of 
producing films with highly defined thicknesses. After films are formed 
using these coating techniques, Ca2+-treatment (e.g., by aerosol spray 
[56] or by immersion into a Ca2+ solution [103]) can be similarly 
applied, as previously discussed in Section 2.3.1 . 

2.3.3. Spinning 
Wet spinning, a textile manufacturing process, offers a method for 

producing alginate fibers by leveraging alginate’s ability to crosslink 
with Ca2+. This technique involves dissolving alginate in a solvent, 
typically water, to create a spinning solution with appropriate proper-
ties, including viscosity, coagulation/precipitation, and stretchability. 
The solution is forced through a spinneret—a nozzle with minuscule 
holes—into a coagulation bath containing Ca2+. In this case, the alginate 
crosslinks with Ca2+ and precipitates into solid fibers, which are 
collected onto a reel. It may be necessary to wash the obtained fibers 
with deionized water to remove any residual coagulant. As a typical 
example, in a study by Zheng et al. [106], a spinning dope of 2.5 wt% 
sodium alginate and a 5 wt% CaCl2 solution were utilized. Wang et al. 
[107] fabricated fibers by extruding a 5 wt% mixture of alginate and 
starch at room temperature. The extruded solution was then directed 
into a coagulating bath consisting of an aqueous solution containing 
10 wt% CaCl2 and ethanol, ultimately resulting in the formation of fi-
bers. Lai et al. [108] illustrated a method based on wet spinning for 
fabricating Janus-morphological alginate-based fibers (Fig. 3A). Car-
boxymethyl cellulose (CMC) sodium was employed as a polymeric 
modifier to adjust the properties of each fiber compartment. The syringe 
pump was employed to drive the two-piece plunger rod, with a rubber 
piston attached to the end of each piece, facilitating the ejection of so-
lutions from the dual-barrel syringe into a collection bath containing a 
10 % (w/v) solution of CaCl2. 

Electrospinning is a method to produce mats from microfibers based 
on polymers. However, creating a pure alginate electrospun nanofiber 
membrane presents challenges due to the high surface tension, high 
electrical conductivity, and absence of chain entanglements in alginate 
when in an aqueous solution. For electrospinning of alginate, poly-
ethylene glycol (PEG) is usually used as a co-spinning agent [112,113], 
which can be subsequently removed by rinsing with hot ethanol [112, 
113] or CaCl2 solution [114]. Mokhena et al. [114] suggested that even 
in this way, nanofibers could not be obtained at low alginate content 
ranging from 20 to 60 v/v%. Dodero et al. [113] successfully demon-
strated electrospinning from an aqueous solution of sodium alginate, 
PEG (7:3 w/w), and ZnO nanoparticles. They suggested that for elec-
trospinning, alginates with a low molar mass and high M/G ratio, or 
alginates with a medium molar mass and low M/G ratio, should be 
preferred when combined with ZnO nanoparticles. In another study, 
Dodero et al. [112] additionally used Triton as a surfactant to increase 
the alginate/PEG solution electrospinnability. Additionally, blending 
alginate with other polymers such as polyvinyl alcohol (PVA) has been 
acknowledged as a viable approach to enhance the electrospinnability of 
alginate [115]. 

Electrospun alginate nanofibers can then be crosslinked by immer-
sion in a solution of divalent ions (e.g., SrCl2), before rinsing with water 
and drying [112,113]. 

It is noteworthy that while ethanol can aid in maintaining the 

structure of fibers in the crosslinking solution, its use may not be suitable 
for certain applications, especially biomedical ones. Taking this into 
consideration, Diep and Schiffman [109] effectively produced 
ethanol-free alginate-based nanofibers via electrospinning and subse-
quent crosslinking using either a Ca2+/glycerol solution or 
pH-optimized solutions containing Ca2+ (Fig. 3B). These crosslinked 
fibers exhibited stability in water and acidic buffers while swelling in 
phosphate-buffered saline (PBS), rendering them valuable for 
pH-controlled release applications. 

2.3.4. 3D printing 
Alginate has emerged as a widely used polymer for formulating 3D 

printing inks. The 3D printing of alginate hydrogels can be achieved 
through two main methods: direct-ink-writing (DIW) 3D printing and 
inkjet 3D printing [116,117]. 

In DIW, alginate hydrogels with appropriate viscoelastic properties 
are extruded into a predetermined structure. This can be achieved by 
incorporating a low content of Ca2+ into the alginate-based ink formu-
lation, thereby inducing partial crosslinking of the alginate [118–120]. 
It is crucial that the alginate hydrogels set instantly after extrusion to 
maintain the integrity of the printed structures. Typically, this setting 
process is facilitated by printing the hydrogels into a supporting bath 
containing Ca2+ ions [116,117] (Fig. 3C). Using aerosol spraying of 
CaCl2 solution to crosslink alginate hydrogels during printing has also 
been reported [121]. Alternatively, the printed structures must be 
promptly submerged in a CaCl2 solution for additional crosslinking for 
achieving adequate solidification [118,119,122–128]. 

In inkjet 3D printing, the print head, capable of horizontal move-
ment, jets alginate-based inks into a bath containing a CaCl2 solution to 
ionically crosslink the alginate while simultaneously forming the printed 
structure on a vertically movable platform. Alternatively, alginate can 
serve as a supporting liquid into which a CaCl2 solution is jetted to 
crosslink the alginate. Both methods enable the creation of highly 
intricate structures [116,117]. 

2.3.5. Directional diffusion assembly 
Liu et al. (2023) [111] recently introduced a novel directional 

diffusion assembly (DDA) method for directly fabricating hollow tubes 
from seaweed-based materials, presenting an alternative to the tradi-
tional rolling-up technique (Fig. 3D). In this method, a preformed agar 
core, enriched with Ca2+, is submerged into an alginate solution. This 
results in the directional diffusion of Ca2+ ions from the core into the 
surrounding dissolved alginate phase, thereby forming a tube. The core 
can then be easily removed due to its thermo-reversibility. Subse-
quently, the hollow tube can undergo further crosslinking, particularly 
on the external side, by immersing it in a Ca2+ solution. Upon drying at 
60 ◦C and 80 % relative humidity (RH), the resulting hollow tube ex-
hibits excellent hygrostability, even when exposed to hot water up to 85 
◦C, and boasts impressive mechanical properties. This method offers 
several advantages: (1) It enables the fabrication of articles with intri-
cate shapes, depending on the sacrificial core’s shape; (2) Its flexibility 
and versatility are demonstrated by adjusting various parameters such 
as raw materials, crosslinker and substrate concentrations, and diffusion 
duration; (3) The tubes produced using this method demonstrate supe-
rior mechanical and thermal properties compared to prevalent coun-
terparts made of polylactic acid (PLA) and paper; (4) Importantly, this 
technique can be extended beyond alginate to materials like κ-carra-
geenan (dissolved and crosslinked at 70 ◦C) and low-acetyl gellan gum 
(crosslinked using K+/Ca2+), showcasing its broad applicability. 

2.3.6. Thermomechanical processing 
Thermomechanical processing, utilizing traditional plastic process-

ing techniques, has emerged as a recent innovation for processing algi-
nate into a plastic-like material [129–132]. Like many other 
polysaccharides featuring extremely dense hydrogen bonding, alginate’s 
theoretical melting temperature surpasses its degradation point, making 
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direct thermal processing impossible. Therefore, the thermomechanical 
processing of alginate necessitates the addition of small molecules such 
as water and polyols (typically glycerol), acting as plasticizers. These 
agents disrupt alginate’s inherent hydrogen bonds and supramolecular 
structures. While water serves as an efficient plasticizer, its volatility 
poses processing challenges and destabilizes material properties. Hence, 
non-volatile plasticizers like glycerol become necessary. In this ther-
momechanical approach, the initial step involves premixing raw algi-
nate with water and other plasticizers. Allowing the premixed material 
time to equilibrate facilitates the diffusion of small molecules into 
alginate. Subsequently, the resulting blends are introduced into a ther-
momechanical setup such as an internal mixer. Through the application 
of thermomechanical forces, native alginate particles transition into a 
“molten” state. These plasticized materials, exhibiting 
thermoplastic-like traits, are amenable to processes like compression 
molding, allowing the creation of items such as sheets. This method 
enables the creation of innovative materials with regulated properties, 
achieved through blending with various (biobased or fossil) polymers, as 
well as the incorporation of (nano)fillers as reinforcements to engineer 
(nano)composites. 

The tensile properties of different polyol-plasticized alginates ob-
tained by thermomechanical mixing and solution casting were 
compared (see Table 1) [131]. With identical compositions, samples 
produced via solvent casting exhibited greater Young’s modulus (YM) 
and tensile strength (TS) compared to those processed by thermo-
mechanical mixing. Elongation at break (EB) showed an opposing trend, 
particularly pronounced in samples containing reduced plasticizer 
content. The observed disparities between solution casting and ther-
momechanical processing could stem from variations in alginate chain 
packing during film formation and the thickness of films crafted through 
distinct methods. On a broader note, plasticized samples yielded by both 
techniques showcased commendable mechanical attributes. 

2.4. Factors affecting the properties of alginate-based bulk materials 

Existing literature underscores that a multitude of factors—ranging 
from the source and chemical composition of alginate, to its molar mass, 
plasticizer nature and concentration, alongside processing parameter-
s—exert influence over the attributes and performance of alginate-based 
materials. How the key properties of alginate-based materials are 
affected by different factors are summarized in Table 2 and discussed 
below. 

2.4.1. Crosslinking 
As previously discussed in Section 2.2, crosslinking by divalent ions 

typically as Ca2+ is an important feature of alginate, which is predom-
inantly utilized for enhancing alginate material properties (e.g., water 
resistance, barrier properties, and mechanical attributes) [52,59,63,69, 
78,133]. Also, crosslinked alginate has demonstrated a greater capacity 

to retain entrapped ingredients (e.g., drugs) that require controlled or 
slow release [46]. Russo et al. [134] suggested that crosslinking with 
Ca2+ of alginate films in a swollen state reduces both the glass transition 
temperature (Tg) and the β-relaxation temperature, presumably attrib-
uted to the expansion of free volume during the crosslinking process. 
Notably, this phenomenon contrasts with the effect of increasing 
guluronic moiety content, which typically promotes chain-to-chain in-
teractions, resulting in an elevation of Tg. 

Rhim [2] conducted a comparative study on alginate films using two 
Ca2+ treatment methods: direct mixing of CaCl2 (1–3 wt% of alginate) 
into the film-forming solution and immersion of the cast film into a 
CaCl2 solution (0.1–0.5 w/v% concentrations). The immersion method 
notably increased TS, and decreased EB, water vapor permeability 
(WVP), water solubility, water swelling, and thickness, whereas the 
mixing method did not produce such effects. This shows that compared 
to the mixing method, immersion of prepared alginate films could be a 
more effective way to achieve a crosslinked structure and thus enhance 
film properties. 

Presumably, higher ion concentration and longer crosslinking 
duration lead to increased crosslink density, until reaching a maximum 
level. Hence, the properties of crosslinked alginate should be impacted 
by ion concentration and crosslinking duration. For instance, Costa et al. 
[63] reported that dried cast alginate films crosslinked with higher 
CaCl2 concentrations (1–1.5% w/v) exhibited greater TS and lower EB, 
as well as reduced water solubility and swelling. Besides, Zactiti and 
Kieckbusch [78] observed that dried alginate films subjected to 
2nd-stage crosslinking using CaCl2 solutions with concentrations from 2 
or 7% presented a drastic decrease in water solubility, higher TS, lower 
EB, as well as a slower release of potassium sorbate as an antimicrobial 
agent. In another study [52], an increase in the degree of crosslinking 
(by CaCO3 at up to 0.03% (w/w) based on alginate, with 5.4 g of GDL 
per gram of CaCO3) produced alginate films that were significantly 
thicker and stronger but less elastic than those non-crosslinked films. 
WVP of the films decreased significantly only with the highest level of 
crosslinking [52]. According to Liling et al. [62], increasing Ca2+ ion 
concentration initially boosted the TS and EB of alginate films until 
reaching a peak at a concentration of 2% (w/v), after which they 
decreased. Meanwhile, WVP and light transmittance gradually 
decreased. As for crosslinking time, WVP increased gradually, EB 
initially rose and then stabilized after 2 min of crosslinking, while TS 
and light transmittance remained nearly constant. The alginate film 
crosslinked in 2% (w/v) CaCl2 for 2 min exhibited overall optimal per-
formance. These results suggest that the effects of ion concentration and 
crosslinking duration on alginate material properties may not always 
follow straightforward patterns. 

Likely, variations in alginate material properties could also be 
influenced by uneven crosslinking, which, in turn, can be markedly 
influenced by the rate of reaction. A slower crosslinking rate tends to 
result in a more uniform structure and enhanced mechanical properties. 

Table 1 
Tensile properties of plasticized alginate, obtained by thermomechanical mixing and solution casting (AW: alginate; AG: alginate/glycerol; AS: alginate/sorbitol). 
Reprinted from [131] with permission from Elsevier, Copyright 2016.  

Samples (w/w) Thermomechanical mixing Solution casting 

Modulus (MPa) Tensile strength (MPa) Elongation (%) Modulus (MPa) Tensile strength (MPa) Elongation (%) 

Neat AW 1989±106 52±3 11±2 3050±109 63±4 9±0 
AG20/80 250±14 17±1 37±4 813±41 25±2 12±2 
AG25/75 40±1 10±2 47±4 345±29 15±6 17±1 
AG30/70 17±3 7±1 54±1 116±11 13±2 32±3 
AG40/60 4±1 5±0 74±4 34±0 4±0 60±0 
AG50/50 3±1 2±0 60±4 2±1 2±0 105±3 
AS20/80 801±5 31±3 16±2 1534±105 45±4 9±1 
AS25/75 333±21 23±2 29±2 1102±47 36±3 9±1 
AS30/70 110±37 13±0 37±1 718±52 31±1 13±1 
AS40/60 5±1 6±0 61±4 30±3 7±1 34±3 
AS50/50 3±1 3±0 73±4 3±1 3±1 61±1  
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To reduce the crosslinking rate, various approaches can be employed, 
including utilizing sparingly soluble salts like CaSO4 or CaCO3, 
employing phosphate-based buffers instead of CaCl2, and lowering the 
reaction temperature [28]. Drury et al. [64] suggested that lower tem-
peratures reduced the diffusion rate of Ca2+ ions, which led to slower 
crosslinking, a more ordered network structure, and hence enhanced 
tensile properties. 

Jang et al. [54] observed that employing higher concentrations of 
CaCO3/GDL for crosslinking resulted in smaller pore sizes and increased 
compressive modulus, as well as storage and loss moduli. Kuo and Ma 
[135] produced alginate hydrogel scaffolds with uniform structures 

Table 2 
Key properties of alginate-based materials as affected by different factors.  

Property/Parameter Evolution Main Factor References 

Thickness Increase Crosslinking [52]   
Clitoria ternatea 
extract 

[48]   

Grapefruit seed 
extract 

[377]   

Cottonseed protein 
hydrolysates 

[152]  

Decrease Crosslinking [2] 
Tg Increase Plasticizer PEG [164]  

Decrease Crosslinking [134]   
Higher M/G ratio [142]   
Plasticizer glycerol [142] 

Thermal stability 
(TGA) 

Increase Plasticizer PEG [164]   

Essential oils [72]   
Castor oil [57]   
Aloe vera extract [72,378]   
Peanut red skin 
extract 

[74]  

Decrease Pterostilbene [157] 
Thermal stability 

(DSC) 
Increase Clitoria ternatea 

extract 
[48]  

Decrease Pterostilbene [157] 
Tensile strength Increase Crosslinking [2,52,59,62–64, 

69,78,133]   
Higher M [35]   
Essential oils [72]   
Castor oil [57]   
Clitoria ternatea 
extract 

[48]   

Aloe vera extract [72,378]   
Peanut red skin 
extract 

[74]   

Plasma activated 
water 

[159]  

Decrease Higher M/G ratio [63]   
Plasticizer glycerol [60,81]   
Plasticizer sorbitol [30,60]   
Plasticizer fructose [60]   
Plasticizer PEG [60,147]   
Essential oils [40,52,165,166]   
Citric acid [159]   
Natamycin [66]   
Pterostilbene [157] 

Young’s modulus / 
elastic modulus 

Increase Crosslinking [59,64,69]   

Citric acid [159]   
Castor oil [57]   
Plasma activated 
water 

[159]  

Decrease Plasticizer glycerol [147]   
Plasticizer PEG [147]   
Essential oils [166]   
Grapefruit seed 
extract 

[377] 

Elongation at break Increase Crosslinking [62,133]   
Higher M/G ratio [43]   
Plasticizer glycerol [60,81]   
Plasticizer sorbitol [30,60]   
Plasticizer fructose [60]   
Plasticizer PEG [147]   
Essential oils [40,52,72,165, 

166]   
Castor oil [57]   
Natamycin [66]   
Aloe vera extract [72,378]   
Peanut red skin 
extract 

[74]   

Grapefruit seed 
extract 

[377]   

Citric acid [159]   
Plasma activated 
water 

[159]  

Table 2 (continued ) 

Property/Parameter Evolution Main Factor References  

Decrease Crosslinking [2,52,59,62,63, 
69,78,133]   

Plasticizer PEG [60]   
Pterostilbene [157]   
Clitoria ternatea 
extract 

[48] 

Water solubility or 
swelling 

Increase Plasticizer glycerol [81]   

Clitoria ternatea 
extract 

[48]  

Decrease Crosslinking [2,63,69,78,82]   
Plasticizer glycerol [147]   
Plasticizer PEG [147]   
Pterostilbene [157] 

Water contact angle Increase Sulfur nanoparticles [73]   
Pterostilbene [157]   
Peanut red skin 
extract 

[74]  

Decrease Grapefruit seed 
extract 

[377] 

Oxygen barrier Increase Plasticizer glycerol [30]  
Decrease Crosslinking [30,133] 

Water vapor barrier Increase Crosslinking [2,52,62,69,133]   
Decreasing M/G 
ratio 

[60]   

Plasticizer sorbitol [60]   
Plasticizer fructose [60]   
Vegetable oils [96]   
Essential oils [52]   
Castor oil [57]   
Citric acid [159]   
Plasma activated 
water 

[159]   

Aloe vera extract [72,378]   
Peanut red skin 
extract 

[74]   

Pterostilbene [157]  
Decrease Plasticizer glycerol [30]   

Plasticizer PEG [60]   
Essential oils [72,165]   
Natamycin [66,83]   
Clitoria ternatea 
extract 

[48]   

Sugarcane vinasse [69]   
Cottonseed protein 
hydrolysates 

[152] 

Transparency (light 
transmittance) 

Increase Crosslinking [62]  

Decrease Crosslinking [82]   
Sugarcane vinasse [69]   
Clitoria ternatea 
extract 

[48]   

Aloe vera extract [378]   
Cottonseed protein 
hydrolysates 

[152] 

UV shielding Increase Essential oils [72]   
Aloe vera extract [72]   
Beet root extract [162]   
grapefruit seed 
extract 

[377] 

Release rate Decrease Crosslinking [78]  
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using CaCO3/GDL and CaSO4/CaCO3/GDL. They illustrated that con-
trolling the gelation rate was achievable, with enhancement observed 
through increased total Ca2+ content, a higher proportion of CaSO4, 
elevated temperature, and decreased alginate concentration. Slower 
gelation yielded hydrogels characterized by uniformity and enhanced 
mechanical strength. Meanwhile, the compressive modulus and strength 
were increased with alginate concentration, total Ca2+ content, and the 
molar mass and G content of the alginate. 

In a study [133] to examine the effects of different calcium salts 
(CaCl2 + ethylenediaminetetraacetic acid (EDTA), CaHPO4, and CaCO3) 
on internally crosslinked alginate films, it was found that Ca2+-induced 
crosslinking significantly enhanced the TS and EB of cast alginate films. 
Optimal concentrations of Ca2+ for this purpose ranged 1.0–1.5 wt% of 
alginate. Besides, Ca2+-induced crosslinking led to reductions in oxygen 
permeability (OP) and WVP, with the lowest permeabilities observed at 
Ca2+ concentrations based on alginate of 1 wt% for CaHPO4, 1.2 wt% 
for CaCl2, and 2.7 wt% for CaCO3, suggesting an highest effect of 
CaHPO4. 

The dynamic ionic bonding established between Ca2+ and the 
carboxyl group of alginate bestows alginate materials with additional 
properties, including self-healing and adhesion [136]. 

Ca2+ usually leads to overall excellent material properties. For 
instance, Liling et al. [62] showed that, while Ca2+, Zn2+, and Mn2+

could all increase the TS and light transmission and decrease the WVP of 
dried cast alginate films, the film crosslinked using Ca2+ solution 
exhibited the greatest TS, EB, and light transmission. Bierhalz et al. [61] 
demonstrated that 2nd-stage crosslinking of dried cast alginate films 
with Ca2+ yielded favorable properties, including higher TS and lower 
opacity, OP, and WVP. Nonetheless, it also resulted in unfavorable 
higher water solubility and water uptake compared to crosslinking with 
Ba2+. However, Gao et al. [137] demonstrated that an alginate hydrogel 
membrane crosslinked in a CaCl2/BaCl2 mixture solution exhibited a 
more stable structure, enhanced mechanical properties, and improved 
salt tolerance compared to a Ca2+-crosslinked alginate hydrogel mem-
brane. In biomedical applications, utilizing BaCl2 for crosslinking so-
dium alginate may elicit a less fibrotic reaction compared to 
CaCl2-crosslinked alginate [138]. 

In addition to ionic crosslinking, which is the primary focus of this 
review, alginate hydrogels can be formed using various other cross-
linking strategies. These alternative approaches have been discussed 
elsewhere [139,140]. 

2.4.2. Alginate chemical composition 
The M/G ratio stands as a pivotal determinant impacting the attri-

butes of alginate-based materials. As previously discussed in Section 
2.2, M blocks and MG blocks are conformationally more flexible than G 
blocks. In line with this, films made of alginate containing a higher ratio 
of MM and MG blocks exhibited increased stretchability [43,141]. Be-
sides, alginate featuring elevated M and/or MG block content demon-
strates reduced Tg compared to those with higher G block content [142]. 
Nonetheless, alginate with a high content of M blocks presented greater 
resistance to plasticization compared to its counterpart rich in G blocks 
[141]. The buckled and folded configuration of G blocks enables effec-
tive entrapment of plasticizers. 

As previously discussed in Section 2.2, Ca2+ ions primarily bind 
selectively to the G blocks of alginate chains. Consequently, alginates 
with higher G content demonstrate enhanced crosslinking potential with 
divalent ions compared to those with a higher M content. Consistent 
with this, Olivas and Barbosa-Cánovas [60] found that alginate films 
with a high G ratio fostered the formation of extensive 3D networks, 
resulting in reduced WVP. Costa et al. [63] proposed that elevated levels 
of M residues lead to the production of fragile and flexible films, whereas 
higher G residue contents result in stronger films, with these properties 
being significantly influenced by the concentration of CaCl2. For algi-
nate films with high M block content, a saturation point in crosslinking 
was reached, whereas higher concentrations of CaCl2 were required to 

achieve similar properties for films with high G block content [63]. 
Similarly, Drury et al. [64] suggested that high-guluronate-content al-
ginates crosslinked by CaSO4 yielded stronger, more ductile hydrogels 
than high-mannuronate-content ones. 

A study by Lee et al. [59] demonstrated that alginate films with 
higher G block content, crosslinked with Ca2+, contained a greater 
proportion of Ca2+, yet exhibited a lower percentage change in TS and 
YM. This suggests that the GG blocks were arranged in a more rigid 
manner, limiting the movement of polymer chains during crosslinking. 
Conversely, polymer chains comprising a higher proportion of MM and 
MG blocks displayed greater flexibility and mobility during crosslinking, 
allowing for chain alignment and the formation of a stronger matrix, as 
indicated by the significant percentage change in tensile properties [59]. 
These findings suggest that the tensile properties of the matrix are 
influenced by both the extent of crosslinking and the flexibility and 
mobility of polymer chains, with the latter factor being of greater 
importance [59]. 

De’Nobili et al. [142] assessed the effectiveness of Ca2+-crosslinked 
alginate films with varying M/G composition and glycerol content in 
preserving L-(+)-ascorbic acid (AA) (also known as vitamin C, renowned 
for its antimicrobial, antioxidant, and immune system maintenance 
properties) from hydrolysis. The capability of AA preservation, evalu-
ated through vacuum storage at 25 ◦C, decreased only with increasing 
RH levels when alginates consisted mainly of GG blocks. Conversely, 
when higher proportions of MM or alternating GM/MG flexible blocks 
were present, AA preservation decreased with both increasing RH and 
glycerol levels. This phenomenon is likely due to the reduced ability of 
the latter alginate block compositions (MM or GM+MG) to immobilize 
water in the network, as they cannot form Ca2+-mediated junction zones 
where water molecules are highly retained. Additionally, AA preserva-
tion was studied under air storage conditions, revealing that both GG- 
and GM + MG-enriched alginate networks generally preserved AA from 
oxidation, even under less favorable RH and glycerol levels [142]. 

2.4.3. Alginate molar mass 
Molar mass significantly influences the attributes of alginate-based 

materials. Typically, higher molar mass leads to increased mechanical 
strength owing to enhanced interchain bonding [35]. However, molar 
mass variations was shown to have minimal impact on water uptake and 
WVP [143]. 

Alginates with comparable M/G ratios but varying molar masses 
showed significant differences in the tensile properties of the crosslinked 
alginate films. Higher-molar mass-alginates demonstrated greater per-
centage increases in both TS and YM, although the percentage increase 
in YM plateaued at higher molar masses. Additionally, lower-molar- 
mass alginates exhibited smaller differences in EB before and after 
crosslinking, indicating the formation of a more flexible alginate matrix 
in these cases [59]. 

2.4.4. Effect of plasticizers 
Plasticizers possess certain characteristics, including low molar mass 

and high polarity, which enable them to interact with natural polymers 
and disrupt interchain hydrogen bonding to improve chains mobility. 
They are incorporated into polymers to mitigate brittleness, enhance 
flow and flexibility, and bolster toughness and strength in films. In the 
realm of coatings, plasticizers play a crucial role in enhancing resistance, 
reducing flaking and cracking, improving flexibility, toughness and 
processability. However, a drawback of plasticizers is their tendency to 
elevate film permeability to oxygen, moisture, aroma, and oils by 
diminishing intermolecular attractions along the polymer chains [144]. 
As in the case of other polysaccharides such as starch, various plasti-
cizers have been tested with alginate, including water as a volatile 
compound [145], as well as non-volatile plasticizers such as glycerol [2, 
30,40,47,48,52,57,60–63,68,69,72,73,81,82,92,131,132,141, 
146–153], sorbitol [30,60,75,76,85,131,154–162], fructose [60], poly-
glycerol [163], and PEG [60,147,155]. The effects of these plasticizers 
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on alginate film properties were not consistently reported (as seen in 
Table 2), potentially influenced by factors such as plasticizer content, 
alginate chain composition, and whether alginate was crosslinked or 
not. 

Jost et al. [30] conducted a comparison between glycerol and sor-
bitol as plasticizers on cast alginate films (without ionic crosslinking). 
They observed that both plasticizers reduced porosity in alginate films. 
Interestingly, films containing 30 % glycerol exhibited nearly identical 
TS and EB as films with 50 % sorbitol. This suggests that glycerol, with 
its lower molar mass, is more effectively integrated into the alginate 
network, consequently increasing free volume, compared to sorbitol. 
Furthermore, while the addition of glycerol resulted in increased OP and 
WVP, the inclusion of sorbitol did not impact these barrier properties. 
The effect of sorbitol was attributed to its good steric fit within the 
alginate network, which preserved the barrier properties, as well as 
enhanced networking of hydroxyl groups within the alginate network, 
leading to fewer bonding points for water vapor. Pongjanyakul and 
Puttipipatkhachorn [147] found that in cast alginate/magnesium 
aluminum silicate (MAS) films (without ionic crosslinking), glycerol 
imparted greater flexibility compared to PEG-400. Additionally, they 
observed that the WVP of the films decreased with increasing plasticizer 
content within the range of 10–30 % (w/w). Swamy et al. [164] re-
ported that cast alginate films (without ionic crosslinking) incorporated 
with a higher content of PEG-6000 exhibited an increase in Tg, which 
was ascribed to chain entanglement. PEG incorporation also enhanced 
thermal stability as shown by thermogravimetric analysis (TGA). 

Olivas and Barbosa-Cánovas [60] compared various plasticizers, 
including fructose, glycerol, sorbitol, and PEG-8000, for dried cast 
alginate films crosslinked with CaCl2. Their findings revealed that 
PEG-8000 resulted in lower TS and EB, whereas glycerol exhibited the 
highest values among all the plasticizers tested. Surprisingly, there was 
no significant difference in WVP between the alginate film without 
plasticizer and that plasticized with glycerol. However, films plasticized 
with fructose and sorbitol demonstrated the lowest WVP, while those 
plasticized with PEG-8000 exhibited the highest. 

It is noteworthy that in the above studies, PEG was incompatible 
with alginate and led to phase separation in the films [60,164]. 

Da Silva et al. [81] fabricated alginate/low-methoxy pectin films 
through a two-step Ca2+-crosslinking process and investigated the 
impact of glycerol concentration (ranging from 1 % to 15 % w/v) during 
the final reticulation step on the characteristics of the resulting films. 
Elevating the glycerol concentration in the crosslinking solution 
increased the film solubility in water, moisture content, volumetric 
swelling, and flexibility while decreasing TS. Optimal mechanical 
resistance and flexibility, coupled with low solubility and swelling in 
water, were achieved with glycerol concentrations ranging from 5 % to 
10 %. Conversely, concentrations below 3 % glycerol yielded brittle 
films, while phase separation was observed on the film surface at glyc-
erol concentrations exceeding 12 %. 

It is noteworthy that a high content of guluronate residues, combined 
with a high molar mass, represents an optimal compromise for achieving 
desirable microstructural properties that enable glycerol molecules to 
become entangled within specific binding sites of the alginate polymeric 
network. Conversely, lower molar mass and a higher proportion of 
mannuronate residues result in a flexible, linear three-dimensional 
arrangement that interacts minimally with the introduced plasticizer. 
From this, the utilization of alginates with high guluronate content may 
be more favorable concerning mechanical behavior and the ability to 
adjust them with glycerol [141]. 

2.4.5. Effect of other additives 
Additional ingredients, particularly those serving functional pur-

poses, are commonly integrated into material formulations. These in-
gredients can also affect the properties of alginate materials as 
plasticizers. For instance, in Ca2+-crosslinked alginate coatings, the in-
clusion of sunflower oil notably enhanced water vapor resistance 

(WVR), increasing it from 15.70 s/cm to 19.2 s/cm [96]. In addition, 
incorporating higher levels of antimicrobial agents such as essential oils, 
potassium sorbate, or natamycin into alginate films was observed to 
augment thickness, reduce TS, and initially boost EB [40,52,66,165, 
166]. However, varying effects on WVP were documented, with in-
creases by garlic oil and natamycin noted in some studies [66,83,165] 
and decreases by oregano oil (OO) in others [52]. Da Silva et al. [83] 
observed that the addition of potassium sorbate resulted in alginate 
films becoming opaque, and brittle, and developing a whitish precipitate 
on their surface, rendering them unsuitable for practical applications. 
Santos et al. [48] showed that the inclusion of Clitoria ternatea extract in 
alginate films led to enhanced TS and reduced EB, accompanied by in-
creases in thickness, WVP, water solubility, and opacity. 

The incorporation of sugar vinasse, an underutilized biomass, into 
alginate materials was observed to decrease the transparency and in-
crease the WVP of the films. However, its impact on the mechanical 
properties of the films was minimal [69]. 

Additional details regarding the effects of various ingredients on the 
material properties of alginate are outlined in Table 2. 

2.4.6. Effect of processing parameters 
Processing parameters, including alginate concentration and tem-

perature, can impact the processability and properties of alginate films. 
Alginate concentration in solutions influences the characteristics of the 
final alginate-based materials, especially chain network structure and 
rheological properties [167]. It has been suggested that the optimal 
working concentration range falls between 1–2 % (w/w), as determined 
by viscosity, mechanical properties, and water resistance [168]. The 
temperature of alginate solutions impacts both the viscosity of the so-
lution and the molar mass of alginate. Depolymerization occurred at 
temperatures exceeding 50 ◦C for prolonged periods. Raising the tem-
perature results in a gradual decrease in viscosity, typically at a rate of 
approximately 2.5 % per degree Celsius [35]. The addition of NaCl or 
CaCl2 to alginate solutions was found to increase the solution viscosity 
[104]. Additionally, temperature influences the crosslinking rate. As 
previously discussed in Section 2.4.1, lower temperatures may diminish 
crosslinker reactivity, slowing down crosslinking and fostering the cre-
ation of a more comprehensive and uniform 3D structure, ultimately 
enhancing mechanical properties [28]. 

Ashikin et al. [145] demonstrated that the plasticity of alginate films 
can be adjusted by varying drying temperature (ranging from 40 to 
80 ◦C), alginate solution concentration (2 or 4 %), and the choice of 
alginate composition (guluronate-rich or mannuronate-rich). Specif-
ically, film plasticity was promoted by using lower alginate solution 
concentration, mannuronate-rich alginate as the raw material, and 
drying temperatures of either 40 or 80 ◦C. A lower drying temperature 
mitigated heat-induced polymer chain interactions, while at a high 
drying temperature of 80 ◦C, film plasticity was significantly enhanced 
through air bubble formation and reduced alginate molar mass within 
the film. 

2.4.7. Effect of relative humidity and aging time 
RH and aging duration exert substantial effects on properties, as 

alginate can absorb or release moisture while in equilibrium with the 
environment. Like other polysaccharides, higher RH results in increased 
water content in alginate-based materials. It would be reasonable to 
assume that this increase weakens chain interactions due to the plasti-
cization effect of water, consequently leading to reduced Tg, TS, and YM, 
while EB tends to increase. However, RH and plasticizer could have 
some interplay to influence the material’s ability to absorb/desorb 
moisture during conditioning and the overall plasticization effect, 
consequently impacting material properties. According to Olivas & 
Barbosa-Cánovas [60], Ca2+-crosslinked dried cast alginate films with 
plasticizer exhibited an enhanced capacity to adsorb water during 
conditions (at 58–98 % RH) compared to that without plasticizer. At 
58 % RH, the incorporation of plasticizer did not increase EB. As RH 

F. Xie et al.                                                                                                                                                                                                                                       



Materials Science & Engineering R 159 (2024) 100799

11

increased, TS decreased, and EB increased for all films irrespective of 
plasticizer inclusion. But this effect was more pronounced in 
plasticizer-containing films, which exhibited lower TS at all RH levels. 
At 78 % and 98% RH, glycerol, sorbitol, and fructose showed a signifi-
cant increase in EB compared to PEG-8000 and no plasticizer. 

3. Alginate-based blends 

Native alginate, like many polysaccharides, exhibits drawbacks such 
as subpar mechanical properties and high water sensitivity, constraining 
its utility in environmental applications. Combining it with other, 
especially natural, polymers offers an easy, cost-effective means of 
enhancing alginate’s performance. 

The primary method for preparing alginate-based blends involves 
the direct mixing of various polymer solutions, followed by homogeni-
zation and casting [169]. The properties of these blends are heavily 
reliant on the attributes of each component, their compatibility, and the 
resultant phase morphology [170]. 

Below, various blends incorporating alginate and either biobased or 
fossil-based polymers are discussed in detail. 

3.1. Alginate-polysaccharides blends 

Due to their renewability, biodegradability, and excellent compati-
bility with alginate, assorted polysaccharides have been employed in the 
formulation of alginate-based blends. These endeavors aim to enhance 
the mechanical, barrier, and mass transfer properties of the blends. For 
example, mixing alginate with other polymers, such as neutral gums, 
pectin, and chitosan, has been discovered as a solution to the issue of 
drug leaching [46]. These polysaccharides can be readily processed, 
leveraging their solubility in certain solvents, intrinsic gelation prop-
erties, or enhanced processability achieved through chemical 
modification. 

3.1.1. Alginate–cellulose blends 
Cellulose stands as the most abundant carbohydrate polymer 

worldwide, sourced from various plant-based materials such as wood, 
cotton, hemp, algae, tunicates, and certain bacteria. This linear poly-
saccharide comprises D-glucose units connected by β-(1,4)-glycosidic 
bonds (Fig. 1b). Native cellulose remains insoluble in water and com-
mon organic solvents due to its chain rigidity and the numerous intra- 
and intermolecular hydrogen bonds [171]. However, cellulose can be 
dissolved in certain solvents, such as phosphoric acid-based solvents, 
LiCl-based solvents, ionic liquids (ILs), and NaOH-water-based solvents 
[172,173]. 

Most studies on alginate/cellulose blends have been conducted using 
NaOH-water-based solvents. Zhang et al. [174] prepared alginate/-
cellulose membranes by casting mixtures of cellulose NaOH/urea 
aqueous solution and alginate aqueous solution. These membranes 
exhibited a degree of miscibility. Micro- or macrophase separations 
became evident when the cellulose/alginate ratio was below or above 
1:1.5, respectively. Due to cellulose’s greater rigidity and thermal 
properties compared to pure alginate, the alginate/cellulose blend 
membranes demonstrated improvements in these properties relative to 
neat alginate [175,176]. The incorporation of Ca2+ further enhanced the 
mechanical properties of the blended membranes [177]. Similar results 
were reported by Phisalaphong et al. [178] who employed a NaOH/urea 
aqueous solution to dissolve bacterial cellulose (BC), which was then 
blended with an alginate aqueous solution before casting. The resulting 
films displayed superior TS, EB, and improved water resistance 
compared to films composed solely of alginate. 

In contrast to pure cellulose, cellulose derivatives have garnered 
significantly more interest in blending with hydrophilic polymers like 
alginate due to their exceptional solubility and processability. Among 
these derivatives, CMC and hydroxyethyl cellulose (HEC) have emerged 
as the most frequently employed choices for crafting alginate-based 

blends. Both derivatives have demonstrated excellent compatibility 
with alginate [155,179,180]. Kalyani et al. [181] produced membranes 
comprising alginate and HEC, utilizing ionic crosslinking for separating 
water-organic mixtures. These membranes exhibited reduced swelling 
capacity. Similar results were also obtained by Naidu et al. [180]. Russo 
et al. [182] reported that HEC was softer than alginate chains. Conse-
quently, the inclusion of HEC led to reductions in YM and TS, along with 
an increase in EB (Fig. 4). Moreover, the introduction of plasticizers 
contributed to a further reduction in material stiffness, while the 
crosslinking reaction notably enhanced TS. In their investigations, these 
blends also demonstrated higher degradation temperatures compared to 
pure alginate. The incorporation of CMC into the alginate matrix simi-
larly resulted in improved mechanical and thermal properties relative to 
neat alginate [183]. 

3.1.2. Alginate–starch blends 
Native starch granules are primarily derived from cereal seeds (e.g., 

corn and wheat) and tuberous roots (e.g., potato and cassava) and 
exhibit multi-scale three-dimensional structures. Starch comprises two 
α-D-glucopyranose homopolymers, namely, amylose and amylopectin 
(Fig. 1d). Amylose represents a linear biopolymer composed of D- 
glucose units primarily linked by α-(1,4) bonds, while amylopectin is a 
highly branched carbohydrate with approximately 95 % α-(1,4) linkages 
and about 5 % β-(1,4) linkages [184]. The ratio of amylose to amylo-
pectin varies considerably depending on the botanical source and 
significantly influences the structure and properties of starch 
[185–189]. 

Wet and melt processing have been used to prepare alginate/starch 
blends [190]. In wet processing, starch and alginate are separately dis-
solved in an ample quantity of water. Subsequently, both solutions are 
mixed, and a casting step follows. In the studies focusing on melt pro-
cessing, alginate has been primarily investigated as a plasticizer, with a 
maximum loading level of 20 wt%. Although infrequently documented, 
two distinct melt processing approaches exist. The one-step process in-
volves incorporating starch with alginate as a plasticizer directly into a 
thermomechanical setup, such as an extruder [191,192]. Conversely, 
the two-step method begins by dissolving alginate in water; subse-
quently, the alginate solution is mixed with starch granules, and the 
water is removed through drying; the resulting mixtures are then sub-
jected to thermomechanical kneading [193]. 

It was demonstrated that alginate and starch displayed excellent 

Fig. 4. Stress-strain curves of alginate (A), alginate/hydroxyethyl cellulose 3/1 
(A75), alginate/polyglycerol 3/1 (APG), alginate/hydroxyethyl cellulose/pol-
yglycerol 3/1/1 (A75PG). Samples on the left plot were not crosslinked while 
those on the right (with codes followed by “-Ca”) were crosslinked by CaCl2 by 
the immersion method. Reprinted from [182] with permission from Elsevier, 
Copyright 2010. 
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compatibility through the analysis of crystallinity, morphology, and the 
Tg of alginate/starch blends prepared via casting [107]. Nevertheless, 
phase separation arises during one-step melt processing [192]. Lopez 
et al. [191] discovered that incorporating alginate into a starch matrix 
could lower the Tg of the starch phase, attributed to its plasticizing ef-
fect. Using a two-step melt, Souza and Andrade [193] observed that the 
presence of alginate elevated the Tg of the starch-rich phase, likely due 
to the recrystallization of starch induced by the low alginate content. 
Furthermore, they noted that the inclusion of alginate substantially 
enhanced the TS and EB of alginate/starch films. However, Cordoba 
et al. [192] reported a contrasting result with a reduction in TS and YM, 
along with an increase in EB in the case of one-step mixing. These dis-
crepancies in mechanical properties could be attributed to the distinct 
processing strategy employed. One-step melting processing appeared to 
lead to weak interactions between alginate and starch, resulting in 
diminished TS. 

Lozano-Vazquez et al. [194] used native starch granules (without 
gelatinization) to reinforce alginate. Starch granules were uniformly 
distributed in the alginate matrix, exhibiting excellent interfacial 
compatibility with the alginate matrix. The authors proposed that starch 
and alginate demonstrated strong compatibility owing to their similar 
chemical characteristics. Their mixture exhibited superior mechanical 
strength compared to pure alginate. Incorporating a higher amount of 
starch led to denser and more convoluted structures, thereby enhancing 
barrier properties. 

Edible films were prepared from a mixture of partially hydrolyzed 
sago starch and alginate. Lemongrass oil (LGO) (0.1–0.4%, v/w) and 
glycerol (0 and 20 wt%) were incorporated in the films to act as a nat-
ural antimicrobial agent and a plasticizer, respectively. The zone of in-
hibition was increased significantly (P < 0.05) by the addition of LGO at 
all levels in the presence and absence of glycerol. This indicated that the 
film containing LGO was effective against Escherichia coli O157:H7 at all 
levels. Without glycerol, the TS of the film decreased as the LGO content 
increased, but there was no significant (P > 0.05) difference in EB. The 
EB and WVP values for film with 20 % glycerol were found to be 
increased significantly with increasing LGO content. The added LGO did 
not have any interaction with the functional groups of films as shown by 
Fourier-transform infrared (FTIR) [40]. 

3.1.3. Alginate–chitosan blends 
Chitosan, a cationic polysaccharide composed of D-glucosamine and 

N-acetyl-D-glucosamine linked by α-(1,4)-glycosidic bonds (Fig. 1c), is 
derived from the controlled N-deacetylation of chitin. Chitosan readily 
dissolves in water under mildly acidic conditions. This is because of the 
protonation of the amine groups of chitosan at low pH, resulting in a 
positively charged state and rendering chitosan a water-soluble cationic 
polyelectrolyte [195]. Moreover, chitosan possesses inherent antimi-
crobial behavior [196]. Therefore, incorporating chitosan into alginate 
materials can impart some antimicrobial properties to the resulting 
systems. 

When combined, chitosan and alginate can create polyelectrolyte 
complexes (PECs) via interactions between the positively charged amino 
groups of chitosan and the negatively charged carboxylic acid groups of 
alginate [197,198]. In general, the formation of PECs typically results in 
enhanced mechanical strength, improved water resistance, and reduced 
swelling behavior due to the dense and robust ionic interactions [199]. 

Many factors, such as pH values, the ratio between both biopolymers, 
the chemical structures of the biopolymers, their molar masses, the 
order of mixing, and the solvent system, have been identified as influ-
encing the extent and characteristics of chitosan/alginate PECs [46, 
200]. The formation of the PECs can occur at pH values ranging between 
the pKa of chitosan and that of alginate. Agostini de Moraes et al. [201] 
showed that the fully protonated amino groups of chitosan readily 
interacted with the fully deprotonated carboxyl groups of alginate. Yan 
et al. [202] found that low-molar-mass chitosan displayed a greater 
binding potential with alginate because of its increased chain mobility, 

making it more prone to conformational changes compared to 
high-molar-mass chitosan. As a result, low-molar-mass chitosan pro-
duced fibrous coacervates with alginate that were finely dispersed 
throughout the blend films. In contrast, medium- and high-molar-mass 
chitosans formed clumpy coacervates, resulting in heterogeneous films 
[202]. Gaserod et al. [203] also found that the binding extent between 
alginate and chitosan improved when the number-average molar mass 
(Mn) of chitosan was below 20,000 Da. Furthermore, the binding degree 
increased as the fraction of N-acetylation decreased and the pH was 
raised within the range of 4–6. Becherán-Marón et al. [204] investigated 
the composition of the alginate/chitosan PECs. They determined that 
the complex’s composition was unaffected by the molar mass of chitosan 
and the composition of alginate. Saether et al. [205] studied the impact 
of the mixing order on the average size of the complex using dynamic 
light scattering (DLS). They observed that when alginate content was in 
excess, the size of the complex prepared by adding alginate solution into 
chitosan solution was larger than the one obtained by adding chitosan 
solution into alginate solution. Conversely, when chitosan was in excess, 
adding alginate solution into the chitosan solution led to the formation 
of smaller-size PECs. Kulig et al. [206] investigated the impact of the 
ratio between the biopolymers on the properties of alginate/chitosan 
complexes. They observed that the number of aggregated particles 
reached its maximum value when the ratio was equimolar. Additionally, 
the roughness of the complex film increased, and water solubility 
decreased with an increase in chitosan content. 

It is important to note that while un-complexed alginate and chitosan 
in solution form a flexible matrix upon solvent evaporation, an excessive 
extent of polyelectrolyte complexation between chitosan and alginate 
may lead to a lack of connection between complexes, making the blend 
susceptible to tearing [207]. In general, the kinetics of ionic crosslinking 
are rapid and result in the formation of a heterogeneous structure, which 
limits their ability to create homogeneous films [208]. To address the 
limitation of the direct mixing method for polyelectrolytes, an alterna-
tive approach known as the semi-dissolution/acidification/sol-gel 
transition (SD-A-SGT) method was introduced. In this technique, chi-
tosan powder is initially evenly dispersed in an alginate solution, 
resulting in a semi-dissolved slurry mixture. Upon exposure to a gaseous 
acidic atmosphere, chitosan dissolves and interacts with alginate, 
forming a uniformly structured composite hydrogel [209–211]. Some 
mixed organic solvents, such as acetone with water, slow down the 
complexation process and facilitate the formation of more uniform films 
[212]. Modified water-soluble chitosan, such as hydroxyethylacryl chi-
tosan, whose reacted amine group is no longer positively charged, has 
also been employed as a replacement for neat chitosan [213]. 

Xie’s group [130] uncovered nanoscale phase separation in 1:1 
(w/w) chitosan-alginate blends prepared via thermomechanical pro-
cessing, as observed through scanning transmission electron microscopy 
(STEM). This phase separation was notably affected by the choice of 
plasticizer. Glycerol, as a plasticizer, enhanced miscibility, evident in 
the blurred boundary between the chitosan and alginate phases, while 
an IL, 1-ethyl-3-methylimidazolium acetate ([C2mim][OAc]), accentu-
ated phase separation. 

As previously shown, LbL assembly has gained significant attention 
as a method for preparing alginate/chitosan films, coatings, and mem-
branes for food packaging and permeation applications [201,214–218]. 
A chitosan solution is cast or sprayed onto a dried alginate film or 
coating, or a dried alginate film is immersed in a chitosan solution, and 
the complex forms at the interface between both polysaccharides [205, 
219]. 

Crosslinking is typically performed to enhance the mechanical 
properties and water resistance of polymer materials. Reddy et al. [216] 
fabricated alginate/chitosan membranes with double crosslinking using 
both CaCl2 and maleic anhydride. The crosslinked membrane was found 
to exhibit greater thermal stability than the uncrosslinked membrane. 
Manabe et al. [220] observed similar trends when utilizing CaCl2 and 
glutaraldehyde (GA) for crosslinking alginate/chitosan multilayer films. 
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3.1.4. Alginate–pullulan blends 
Pullulan is a non-ionic exopolysaccharide consisting of maltotriose 

units (three glucose units linked by α-(1,4)-glycosidic linkage) con-
nected by α-(1,6)-glycosidic bonds (Fig. 1i). Pullulan exhibits a more 
flexible backbone than alginate, attributed to its flexible α-(1,6)-glyco-
sidic bonds [221] and an amorphous structure due to the non-uniform 
segmental mobility of chains [167,222–224]. Pullulan possesses favor-
able film- and fiber-forming properties [223]. 

Alginate and pullulan exhibit miscibility in both solution and films 
across the entire composition range, as shown by Prasad et al. [225]. 
Xiao et al. [226] found that the addition of pullulan increased the EB and 
decreased the TS of alginate-based films, although this trend was 
influenced by RH. When the water activity exceeded a certain threshold, 
the interaction between polymer chains weakened due to the high water 
content, leading to decreased EB. However, the addition of pullulan 
enhanced the water resistance of pure alginate because pullulan has 
lower water sensitivity due to the absence of carboxylic acid groups in 
contrast to alginate [226,227]. 

3.1.5. Alginate–pectin blends 
Pectin is primarily commercially extracted from apple pomace and 

citrus peels [228–230]. Pectin is an anionic polysaccharide composed of 
poly(D-galacturonic acid) bonded via α-(1,4)-glycosidic linkage, which 
constitutes the smooth region of pectin. The more complex structures of 
rhamnogalacturonan I and II are found to form the hairy regions of 
pectin [231,232]. Pectin can be classified into high- and low-methoxy 
pectin based on the degree of esterification with methanol [233]. 

Low-methoxy pectin forms a 3D network with divalent cations in an 
“egg-box” structure at a pH of around 3.5, similar to alginate gelation, 
but the binding sites are different [234]. Alginate binds with calcium 
ions in a blockwise form, whereas pectin binds randomly with calcium 
ions. Furthermore, the structure of alginate is less affected by the pres-
ence of Ca2+ compared to pectin [235]. 

Alginate and pectin gelation depends on their chemical attributes 
like GulA/GalA ratio, molar mass, the length and distribution of Ca- 
binding blocks, the degree of methoxylation, acetylation, and amida-
tion. External factors such as polymer and Ca2+ concentrations, Ca2+

addition methods, pH, temperature, ion strength, and co-solutes also 
influence gelation. These factors affect alginate and pectin differently 
due to their distinct structures (e.g., the linear chain structure of alginate 
but the branched chain structure of pectin), resulting in varying gelation 
mechanisms, such as egg-box structure (shifted egg-box for pectin), egg- 
box dimer growth mode (“zipping” for alginate and “dotting” for 
pectin), and crosslink morphology (rod-like for alginate and both rod- 
and point-like for pectin) [236]. 

In most cases, alginate/pectin blends exhibit intermediate values 
between the properties of each component. Krause Bierhalz et al. [237] 
studied the properties of solvent-cast alginate/pectin blend films for 
food packaging. They noted that alginate/pectin blends showed greater 
swelling and prolonged dissolution times compared to pure alginate. 
Nevertheless, augmenting the pectin content resulted in a decrease in 
the mechanical properties including TS and YM of the blends [81,143, 
238]. Da Silva et al. [81] observed that alginate/pectin blend films 
crosslinked with Ca2+ exhibited increased WVP in comparison to 
crosslinked alginate films alone. This higher WVP can be attributed to 
the reduced organization of the crosslinked pectin network, primarily 
due to its branch structure and its random binding with Ca2+. In some 
instances, antagonistic effects may arise, leading to inferior properties in 
the blends compared to each individual biopolymer. For instance, Gohil 
[235] discovered that blends with a high pectin content exhibited 
reduced mechanical properties compared to each individual 
biopolymer. This was attributed to the low compatibility and the 
disruption of the non-continuous pectin network caused by the inclusion 
of alginate. 

Nonetheless, alginate/pectin blends have the potential to display a 
noteworthy improvement in certain properties. The occurrence of this 

synergistic effect hinges on numerous factors, including the ratio of 
alginate to pectin, the chemical structure of both polysaccharides, and 
their overall compatibility. In the research conducted by Walkenström 
et al. [239], an exploration into the characteristics of blends comprising 
various alginates and pectins revealed a substantial synergistic effect in 
blends using alginate rich in guluronate content and pectin with high 
degrees of esterification. Notably, this synergy was most pronounced in 
terms of mechanical properties, leading to the highest YM. This phe-
nomenon can be attributed to the formation of denser networks of pectin 
characterized by high degrees of esterification. Gohil [235] compared 
the impact of CaCl2 treatment on sodium alginate/pectin blends with 
varying ratios. Their findings (Fig. 5) indicated a synergy in mechanical 
properties for both untreated and CaCl2-treated blends. Notably, un-
treated blends exhibited this synergy in mechanical properties up to a 
pectin content of 40%, while CaCl2-crosslinked blends displayed the 
same effect with pectin concentrations below 20%. The reduced range of 
pectin composition in the crosslinked blends was attributed to the 
decreased crystallinity and increased chain mobility of pectin. Addi-
tionally, their research revealed a similar trend in the WVP of these 
blends. Galus and Lenart [240] similarly observed enhanced EB due to a 
synergistic effect within alginate/pectin blend films. However, this in-
crease in TS was only noticeable in blends with a high pectin content and 
did not manifest in the WVP across all samples. 

3.1.6. Alginate–carrageenan blends 
Carrageenan is a linear anionic sulfated polysaccharide primarily 

derived from red seaweeds. Commercially, there are three main types of 
carrageenan, distinguished by the number and position of ionic sulfate 
groups: κ-, λ-, and ι-carrageenans, respectively [241,242] (Fig. 1f,g,h). 
κ-Carrageenan and ι-carrageenan adopt a random coil structure at 
elevated temperatures (above 80 ◦C), which transitions into a 
double-helix structure upon cooling. This double-helix arrangement 
further aggregates, forming a three-dimensional network at lower tem-
peratures when suitable cations like Na+, K+, Ca2+, and Mg2+ are pre-
sent [241,243]. Among these carrageenans, κ-carrageenan is the most 
prevalent and exhibits the highest strength [146,244]. 

Xu et al. [245] showed miscibility between alginate and carrageenan 
up to a carrageenan content of 20 wt%, while phase separation occurred 
when the carrageenan content exceeded 30 wt%. Paula et al. [146] 
characterized blends comprising alginate, κ-carrageenan, and ι-carra-
geenan. Through FTIR spectra analysis, they did not observe significant 
interactions between alginate and carrageenan. All three components 
exhibited independent effects on the physical properties of the 
film-based blends. The order of TS and EB values was as follows: 
κ-carrageenan > alginate > ι-carrageenan, while the sequence for WVP 
and opacity was ι-carrageenan > alginate > κ-carrageenan. Both algi-
nate/κ-carrageenan and alginate/ι-carrageenan blend films displayed 
intermediate physical properties compared to those of each individual 
component. It is important to highlight that κ-carrageenan is generally 
more hydrophilic than alginate due to its sulfate groups [245]. However, 
in their research, κ-carrageenan exhibited lower WVP than alginate, 
potentially attributed to the creation of a more condensed structure, 
leading to reduced water diffusivity. 

Blends incorporating crosslinked alginate and carrageenan can 
exhibit a noteworthy synergistic effect in certain properties. Paşcalău 
et al. [82] compared the properties of neat alginate, neat κ-carrageenan, 
and their blends without crosslinking, with partial crosslinking, or with 
full crosslinking treatments. Their findings revealed that all the blends 
displayed enhanced mechanical properties and water resistance 
(reduced water swelling) when contrasted with those of pure alginate 
and κ-carrageenan. Notably, compared to non-crosslinked blends, 
partially and fully crosslinked ones exhibited more uniform network 
structures, demonstrating better mechanical properties and reduced 
water swelling. 

F. Xie et al.                                                                                                                                                                                                                                       



Materials Science & Engineering R 159 (2024) 100799

14

3.2. Alginate–protein blends 

Due to their structures and the inherent properties of the amino acids 
involved, protein-based films typically outperform polysaccharide- 

based films in terms of water resistance, mechanical strength, and bar-
riers against oxygen and carbon dioxide [246,247]. Furthermore, pro-
teins have garnered significant attention as packaging materials owing 
to their abundant availability, biodegradability, and commendable 

Fig. 5. Uniaxial tensile tests. Variation of Young’s modulus (a), tensile strength (b), and elongation (c) of films as a function of pectin content in sodium alginate for 
CaCl2-treated (TR) and untreated blends. Double arrows indicate standard deviation. Reprinted from [235] with permission from Wiley, Copyright 2010. 

Fig. 6. DSC thermograms and schematic representation of the phase-separated soy protein isolate/alginate (10:1) blend systems: (A) original material after ho-
mogenization; (B) material with 30 min deposition after homogenization; (C) complete phase-separation, after centrifugation. Reprinted from [170] with permission 
from Elsevier, Copyright 2015. 
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barrier properties. 
Given these diverse advantages, blend films comprising proteins and 

polysaccharides, like alginate, have garnered considerable attention for 
use in food packaging applications. Alginate and proteins can interact to 
create complexes through hydrogen bonds, electrostatic forces, and/or 
hydrophobic interactions [248,249]. To create films, the native struc-
ture of globular proteins like soy protein isolate (SPI) and whey protein 
isolate (WPI) must first undergo denaturation, typically induced by pH 
adjustments, electrical or mechanical forces, or heat. During the drying 
process, the unfolded protein chains become interconnected within the 
film through the formation of hydrogen, ionic, hydrophobic, and cova-
lent bonds [247,250]. 

The properties of alginate/protein blends are influenced by many 
factors, encompassing the (macro)molecular characteristics of alginates 
and proteins (e.g., chemical structure, amino acid type, molar mass, 
conformation, and charge density), the protein/alginate ratio, phase 
morphology, and interactions between alginate and protein [251]. The 
interactions between alginate and protein have been widely studied in 
liquid systems [252]. Proteins and alginate exhibit thermodynamic in-
compatibility at pH levels exceeding the protein isoelectric point (pI) 
and/or under high ionic strength beyond a specific protein/alginate 
ratio in solution. Additionally, they can form either soluble or insoluble 
weak intermolecular complexes when their surfaces bear opposite 
charges, facilitated by hydrogen bonds, electrostatic forces, and/or hy-
drophobic interactions [248,249]. 

Nevertheless, research into the correlation between alginate–protein 
interactions in liquid and the resulting properties of alginate/protein 
materials in solid form remains limited. Pan et al. [170] studied the 
relationship between the extent of phase separation, processing condi-
tions, and the formulation of SPI and alginate blends, using differential 
scanning calorimetry (DSC) analysis. As depicted in Fig. 6, the blend 
with an SPI/alginate ratio of 10:1, following homogenization and 
without deposition, exhibited a single Tg, indicating the absence of 
phase separation. In contrast, the same blend, after 30 min of homoge-
nization and deposition, displayed some degree of phase separation, 
evident from the presence of three Tg values corresponding to the 
protein-rich phase, the interface, and the alginate-rich phase, respec-
tively. Upon centrifugation, a complete phase separation state was 
observed, with the blend showing two Tg values representing the 
protein-rich and alginate-rich phases, respectively. It is noteworthy that 
the interactions were also influenced by the formulation of SPI/alginate 
blends, as the blend with an SPI/alginate ratio of 20:1, after 30 min of 
homogenization and deposition, did not exhibit phase separation, unlike 
the blend with an SPI/alginate ratio of 10:1. 

3.2.1. Effect of protein type and alginate composition 
While the impact of protein type and alginate structure on the 

properties of alginate/protein blends in the solid state is rarely docu-
mented, several studies [251–253] have explored how various proteins 
and alginates influence interactions between alginate and protein in 
solution. 

In general, flexible proteins like caseins or gelatin tend to establish 
more robust connections with polysaccharides compared to globular 
proteins [253,254]. For instance, due to its flexible random coil 
conformation, the positively charged groups of gelatin have the capacity 
to establish a greater number of contacts with the negatively charged 
groups of alginate in a solution [255]. Harper et al. [256] showed that 
gelatin exhibited greater compatibility with alginate compared to SPI or 
WPI. The robust interactions between alginate and gelatin chains led to a 
more condensed structure in alginate/gelatin blends. However, they 
observed that blends consisting of gelatin/alginate, WPI/alginate, or 
SPI/alginate displayed reduced TS in comparison to pure alginate, pri-
marily due to the disruption of the alginate structure within these blends 
caused by the incorporation of these proteins. 

The M/G ratio of alginate also plays a role in its interactions with 
proteins. Earlier research has indicated that alginate with a higher ratio 

of flexible MG blocks exhibited greater miscibility with gelatin [257]. 

3.2.2. Effect of pH and ionic strength 
Both pH and ionic strength can influence the extent of globular 

protein unfolding and, consequently, impact the interactions between 
alginate and protein. It has been documented that proteins are unable to 
unfold and create films around the pI [258]. Under varying pH or ionic 
strength conditions, alginate and proteins may either form pro-
tein–alginate complexes or exhibit self-association behaviors. When the 
pH falls just below the protein’s pI, the protein and alginate carry 
opposite charges, with the protein being positively charged and the 
alginate negatively charged. This charge difference can lead to the for-
mation of either soluble or insoluble complexes through electrostatic 
forces [253,259]. When the pH surpasses the pI and/or when the ionic 
strength is significantly elevated, a thermodynamic incompatibility 
arises between the protein and the alginate, resulting in weak in-
teractions and macro-phase separation [252,255,260–263]. Yang et al. 
[248] noted that pH can also alter the types of hydrogen bonds and 
impact the bonding strength between alginate and protein. Dong et al. 
[67] observed that films derived from alginate/gelatin blends exhibited 
a denser structure at pH 3.6 due to the nearly equal quantities of ─COO−

and ─NH3
+ groups. However, this equilibrium could be disrupted at high 

or low pH levels. 

3.2.3. Effect of protein and alginate contents 
The protein and alginate contents exert a significant influence on 

miscibility. When protein and alginate concentrations are equal, it can 
lead to the formation of protein-rich and alginate-rich phases charac-
terized by high interfacial tension and poor adhesion, ultimately 
resulting in unfavorable film properties. Furthermore, when one bio-
polymer’s concentration is excessively low, the synergistic effects be-
tween protein and alginate become notably limited [259]. It is 
important to highlight that the phase state is the result of multiple fac-
tors, including pH and ionic strength. Consequently, achieving consis-
tent results in optimizing the protein/alginate content ratio can be 
challenging. Klemmer et al. [264] found that the optimum protei-
n/alginate ratios were between 4:1–8:1 for the formation of 
protein-alginate complexes. Dong et al. [67] found that the alginate/-
gelatin blends with 50 wt% gelatin exhibited the maximum value of TS 
and EB. Zheng et al. [265] showed that a SPI/ alginate weight ratio of 
1:1 presented the highest miscibility. Gupta and Nayak [266] explored 
the compatibility between alginate and keratin through X-ray diffraction 
(XRD) and scanning electron microscopy (SEM). Their findings indi-
cated that the blend with an alginate/keratin ratio of 80:20 achieved the 
highest level of compatibility, with all blends displaying intermediate 
properties relative to both biopolymers. Furthermore, blends with an 
alginate/keratin ratio of 90:10 exhibited the highest TS and EB. 

3.2.4. Effect of processing temperature 
Moreover, suitable temperatures can facilitate protein unfolding by 

fostering the formation of disulfide bonds between protein chains, 
thereby enhancing protein’s mechanical properties. Temperature ad-
justments can also enhance the interaction between protein and algi-
nate, consequently improving the mechanical properties of the 
respective blends [259,267]. 

3.3. Blends between alginate and fossil-based polymers 

Fossil-based polymers have also been extensively employed in the 
development of biodegradable blends with polysaccharides such as 
starch or cellulose [268–270]. There is a scarcity of reports on blends 
involving alginate and fossil-based polymers, primarily due to their 
different processing methods employed. Traditionally, alginate-based 
materials have been predominantly fabricated using wet processing 
techniques. Consequently, only water-soluble fossil-based polymers, 
such as certain polyurethanes [271] and PVA, have been employed to 
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obtain alginate-based blend materials. 
Alginate/PVA blends are primarily obtained through solution cast-

ing. Although both alginate- and PVA-based materials can be processed 
via melt processing, there is currently no literature reporting the prep-
aration of alginate/PVA blends using melt processing. Notably, PVA and 
alginate exhibit good miscibility at specific ratios, facilitated by the 
formation of robust hydrogen bonds [272]. 

The incorporation of PVA into alginate systems has the potential to 
enhance the flexibility and water resistance of alginate-based blend 
films [273–275]. In general, blends dominated by PVA exhibit flexible 
characteristics, whereas those dominated by alginate display rigid and 
brittle attributes. Russo et al. [182] fabricated biodegradable blend films 
intended for agricultural applications, comprising alginate, PVA, and 
glycerol, using solvent casting. They conducted tensile tests on blends 
with varying components and proportions, as illustrated in Fig. 7. Their 
findings indicated that pure alginate films were excessively brittle, while 
PVA films were overly flexible. Only the blend films incorporating all 
three components (alginate, PVA, and glycerol) demonstrated a satis-
factory balance of rigidity and deformability, boasting an EB of 43% and 
a TS of 44 MPa. It was also noted that the addition of PVA extended the 
biodegradation time of the blends because PVA exhibits low water 
sensitivity and is less susceptible to microbial degradation compared to 
polysaccharides like alginate [276,277]. Nevertheless, the blends 
exhibited noticeable degradation after being buried in garden soil for six 
weeks. 

Crosslinking is typically employed to enhance the mechanical, 
thermal properties, and water resistance of alginate/PVA blends. Hua 
et al. [278] engineered membranes using alginate and PVA with an 
interpenetrating network (IPN) structure, as illustrated in Fig. 8. Algi-
nate and PVA established a 3D network in the presence of Ca2+ and 
through the repetition of freeze-thaw treatment. Elevating the crosslink 
density, achieved by methods such as increasing the number of 
freeze-thaw cycles, had the potential to enhance the TS and EB of the 
blend membranes [279]. 

Crosslinking can also be accomplished through chemical reactions. 
Various crosslinking agents, including maleic acid and GA, have been 
explored in the context of alginate/PVA systems [280–282]. Kulkarni 
et al. [282] employed GA as a crosslinking agent to hybridize alginate 
and PVA. The resulting films demonstrated superior TS and thermal 
stability when compared to alginate or PVA on their own. Sheela et al. 
[283] utilized UV irradiation to treat alginate/PVA films, inducing an 
esterification reaction between alginate and PVA. UV-treated films 
exhibited enhanced TS, stiffness, Tg, and thermal stability in comparison 
to untreated films. Prolonged treatment time further improved the 

mechanical and thermal properties. Amri et al. [284] directly synthe-
sized alginate/PVA copolymers through esterification reactions, result-
ing in alginate/PVA films with higher TS than pure alginate. 

4. Alginate-based composites 

To enhance the performance of alginate-based materials, facilitate 
the development of composites, and unlock new applications, various 
micro- and nano-fillers have been introduced into alginate matrices, 
leading to various alginate-based nanocomposites. These nano-
composites are discussed in this section. 

4.1. Alginate–cellulose nanoparticles composites 

Cellulose nanoparticles can be extracted from various cellulose 
sources, such as wood, plants, tunicates, algae, or bacterial systems, 
using mechanical processing, acid treatment, or enzymatic hydrolysis 
[285]. Differences in the cellulose source, as well as the type and in-
tensity of the extraction process, yield various types of particles with 
distinct lengths, widths, crystallinities, and morphologies, leading to 
diverse properties. Typically, cellulose nanoparticles exhibit high crys-
tallinity, a high aspect ratio, and a hydrophilic surface due to the 
abundant hydroxyl groups on their surface. This hydrophilic surface is 
highly compatible with other hydrophilic biopolymers [285–289]. Cel-
lulose nanoparticles have been widely investigated in combination with 
various polysaccharides [77,151,160,162,290–295], including alginate, 
as discussed below. 

4.1.1. Processing route 
Solvent casting assisted with ultrasonication and homogenization 

treatment is primarily employed to produce homogeneous alginate/ 
cellulose nanoparticles nanocomposites [296]. A unique preparation 
method has been devised for BC-based composites. Kanjanamosit et al. 
[297,298] initially introduced alginate into the culture medium of 
cellulose-producing bacteria (Acetobacter xylimun). Subsequently, they 
washed the alginate/cellulose pellicle to eliminate the bacteria and 
other media components, resulting in the formation of alginate/BC 
films. 

4.1.2. Effect of cellulose nanoparticles addition 
The addition of cellulose nanoparticles could improve many prop-

erties including: 

Fig. 7. Stress-strain curves for alginate (A), PVA (P), alginate/PVA 50:50 (AP), alginate/glycerol 50:50 (AG), PVA/glycerol 50:50 (PG), alginate/PVA/glycerol 
33:33:33 (APG1), alginate/PVA/glycerol 50:17:33 (APG2), and alginate/PVA/glycerol 50:33:17 (APG3). Reprinted from [276] with permission from Wiley, 
Copyright 2005. 
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a) an increase in mechanical properties (TS and YM) in the case of a 
homogeneous distribution of cellulose nanoparticles in an alginate 
matrix, with the formation of tight cellulose nanoparticle–alginate 
hydrogen bonds allowing efficient matrix–filler stress transfer, high 
stiffness of cellulose nanoparticles, restricted alginate chain motion 
caused by the strong matrix–filler interactions, and/or the formation 
of cellulose nanoparticles networks [299–301]; 

b) a decrease in water sensitivity (e.g., water solubility, moisture con-
tent, and WVP) related to the increased tortuous pathways [302], 
strong hydrogen bonds between alginate and cellulose nanoparticles, 
or the high crystallinity of cellulose nanoparticles [301,303–305];  

c) an increase in Tg attributed to decreased alginate chain mobility 
caused by the strong alginate–cellulose nanoparticles interactions;  

d) an increase in thermal stability due to the strong alginate–cellulose 
nanoparticles interactions or the increased tortuous pathways hin-
dering gas diffusion [306]; and  

e) an increase in degradation rate linked to the homogeneous cellulose 
nanoparticles dispersion in the matrix or the strong algina-
te–cellulose nanoparticles interactions [307]. 

It is important to note that excessive loading of cellulose nano-
particles can lead to negative outcomes due to uneven distribution of 
cellulose nanoparticles and its agglomeration [77,302,307,308]. Deepa 
et al. [307] also observed decreased mechanical properties in compos-
ites with a low amount of cellulose nanofibrils, which resulted from the 
disruption of the organization of alginate chains, leading to different 
failure strains at the matrix-filler interfaces. 

4.1.3. Effect of cellulose nanoparticle type 
Cellulose nanoparticles from different plants [77,302,304,308,309] 

and BC [310] have been utilized as reinforcements to produce 
alginate-based composites. Sirviö et al. [77] discovered that nano-
fibrillated cellulose had a greater reinforcing effect on the alginate 
matrix compared to microfibrillated cellulose. They also noted that 
adding modified nanofibrillated cellulose with anionic dicarboxylic acid 
groups led to reduced mechanical properties in alginate due to poor 
interactions. However, when these alginate/anionic dicarboxylic acid 
cellulose blends underwent crosslinking treatment, they exhibited a 
remarkable increase in mechanical strength. 

4.2. Alginate–nanoclay composites 

Nanoclays have found extensive use in the development of nano-
composites based on polysaccharides, including alginate-based nano- 
biocomposites. This is due to their high aspect ratio, widespread avail-
ability, cost-effectiveness, versatility, eco-friendliness, and low toxicity 
[291,311–313]. Nanoclays can be classified into layered or fibrous 
structures with great differences in morphology, charge density, and 
cationic exchange capacity [314–317]. Montmorillonite (MMT), 

hectorite, and saponite are the most common layered clays. Sepiolite 
and palygorskite are the most used fibrous clays [316,317]. Layered 
clays, the primary type of nanoclays used in nanocomposite production, 
can create three distinct structures within a polymer matrix: tactoids, 
intercalation, and exfoliation. The formation of these structures is highly 
influenced by factors such as clay content and type, 
organo-modification, and processing conditions [291,304,318]. Alboo-
fetileh et al. [304,319] investigated the properties of alginate/MMT 
nanocomposites with various formulations using solution casting and 
observed a well-established exfoliated structure at low loading levels 
(1–3 wt% of MMT). Moreover, laponite, a synthetic layered clay 
showing high biocompatibility and blotting clotting ability has also been 
commonly used as a nanofiller for alginate, especially for biomedical 
applications [320]. 

4.2.1. Processing route 
Solution casting is the primary method for preparing alginate/ 

nanoclay nanocomposites because it allows for the easy dispersion of 
hydrophilic nanoclay particles into an alginate solution [304,321,322]. 
Homogenization and ultrasound treatment can be employed to enhance 
the distribution and the degree of nanoclay dispersion [304]. To date, 
there have been no reports in the literature of a melt-based process to 
produce these nanocomposites. 

4.2.2. Effect of nanoclay addition 
The inclusion of nanoclay could improve the mechanical properties, 

thermal stability, and barrier properties [304,314,315]. Improvements 
have been reported in different material properties, such as:  

a) YM due to the strong alginate–silicate layers interactions, the high 
aspect ratio, or the high extent of exfoliation [314],  

b) thermal stability as a result of a more tortuous pathways for gas 
diffusion, the strong nanofiller-matrix interactions, or the higher 
thermal nanoclay stability [323],  

c) water resistance (water sorption and WVP) because of the increase of 
tortuous pathways, the homogeneous dispersion of silicate layers in 
the alginate matrix, or strong alginate–clay interactions, which 
reduce the number of available free hydroxyl groups leading to a 
decrease of the potential binding sites for water molecules [147, 
324–326]. 

Typically, the mechanical, thermal, and barrier properties improve 
with an increase in clay content up to a certain threshold. However, a 
high loading level of clay can result in reduced TS and increased WVP 
due to limited dispersion and partial agglomeration of clay within the 
matrix [327]. In some instances, void formation can be observed 
because alginate is unable to bind all particles at high particle content 
[147,321,328]. 

In addition to the properties mentioned above, Chen et al. [329] 

Fig. 8. Schematic illustration of polymer chain networks of different hydrogels based on polyvinyl alcohol (PVA) and sodium alginate (SA): (a) SA crosslinked by 
Ca2+; (b) 3:1 (w/w) PVA/SA crosslinked by Ca2+; (c) 3:1 (w/w) PVA/SA crosslinked by Ca2+ and treated by freeze-thawing. Reproduced from [278] with permission 
from Elsevier, Copyright 2010. 
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demonstrated that the incorporation of MMT enhanced the flame 
retardancy of alginate-based nanocomposites due to heat and mass 
transport barriers. Bhat and Aminabhavi [330] discovered that the 
addition of MMT increased the selectivity in water and organic solvent 
systems of alginate-based composites due to microscale effects and the 
formation of a larger surface area. Nanoclay can increase the EB of 
alginate-based materials, resulting from the formation of dangling 
chains and conformational effects at the silicate–matrix interface in the 
case of platelet exfoliation [331]. 

4.2.3. Factors influencing alginate/nanoclay composite properties 
Various factors, such as the alginate chemical structure [325], algi-

nate content [304,321], clay type [318,332,333], calcium content 
[319], film thickness [326], the incorporation of plasticizers [147], the 
alginate/clay ratio [304,334], and the processing conditions, have been 
found to impact the structure and properties of alginate/clay 
nanocomposites. 

Alginate with a high G block content exhibited higher crystallinity 
when combined with layered clay compared to alginate with a high M 
block content. This is responsible for the lower water uptake of alginate/ 
clay nanocomposites in an acidic medium. However, the M/G ratio of 
alginate showed no obvious influence on the interlayer spacing of 
layered clays [325]. 

Many types of nanoclays and organo-modifications have been used 
to fabricate alginate-based nanocomposites. Abou Taleb et al. [335] 
successfully prepared the nanocomposites based on organomodified 
montmorillonite (OMMT). The organomodification brings a larger 
interlayer spacing and higher compatibility with the matrix. They 
observed that the OMMT within the polysaccharide matrix exhibited an 
intercalated structure and demonstrated improved thermal stability and 
water resistance. Tezcan et al. [318] found that alginate was unable to 
penetrate the silicate layer of pure MMT due to the repulsive forces 
between the carboxylic groups of alginate and the negatively charged 
clay surfaces. In contrast, they observed an expansion of the interlayer 
spacing in OMMT samples created using different cationic surfactants 
within the nanocomposites, resulting in enhanced thermal decomposi-
tion temperatures. Benli et al. [322] proposed a model for nano-
composites created using sodium alginate and calcium bentonite, 
wherein the Ca2+ ions within the clay partially crosslinked with alginate 
molecules, forming an “egg-box” structure, and the crosslinked alginate 
was intercalated between the silicate layers. 

Fibrous clays, such as sepiolite and palygorskite, have also been 
added into alginate [316,317,333]. Fibrous clays have a high specific 
surface area (around 320 and 150 m2/g for sepiolite and palygorskite, 
respectively) and a high density of hydroxyl groups on their external 
surfaces, benefiting the formation of strong interactions with the algi-
nate matrix [336]. Compared to palygorskite, sepiolite was found to 
show a higher reinforcement in mechanical properties [316]. 

In addition to increasing the flexibility of alginate as previously 
mentioned, plasticizers can also enhance dispersion and increase the 
interlayer spacing of silicate layers. Pongjanyakule et al. [147] found 
that glycerol and PEG-400 were inserted between silicate layers and also 
increased the interlayer spacing according to the plasticizer content. 
Compared to PEG-400, glycerol resulted in a larger interlayer spacing of 
nanoclay and lower crystallinity of the plasticized alginate. 

4.3. Alginate–graphene composites 

Graphene and graphene oxide (GO) have found extensive use in 
nanocomposite fabrication due to their high aspect ratio, and excellent 
mechanical and thermal properties. However, because of its hydro-
phobic nature, graphene struggles to disperse homogeneously in water, 
posing challenges for nanocomposite preparation. In contrast, hydro-
philic GO can be uniformly dispersed in water and forms strong in-
teractions with water-dispersible or water-soluble polymers like starch 
[291], chitosan [129,294,337,338], and alginate [339]. 

In general, introducing GO into the alginate matrix results in nano-
composites exhibiting enhanced mechanical, thermal, and electrical 
properties [340,341]. These enhancements can be attributed to the same 
phenomena observed in alginate/layered clay nanocomposites. How-
ever, the incorporation of GO nanosheets also increases the water 
permeability of composite materials [342]. This can be attributed to the 
formation of continuous and interconnected water channels, which are 
composed of the free volume cavities around alginate–GO interfaces, 
structural defects of GO nanosheets, and edge-to-edge slits between GO 
nanosheets [343]. Zhao et al. [103] introduced zwitterionic GOs into an 
alginate membrane. The composite membrane exhibited increased 
water permeation and enhanced capacity for water/alcohol separation, 
attributed to the zwitterionic GO providing more electrostatic interac-
tion sites for water molecules. 

Xie et al. [129] found that the influence of GO and reduced GO (rGO) 
on the thermomechanically processed 1:1 (wt/wt) chitosan/alginate 
matrix depends on the plasticizer used (glycerol or [C2mim][OAc]). In 
the glycerol-plasticized matrix, GO and rGO increased chitosan crys-
tallinity and ductility. For the [C2mim][OAc]-plasticized matrix, GO 
countered the IL-induced weakening of polysaccharide interactions, 
improving mechanical properties and reducing surface hydrophilicity; 
rGO had a lesser effect in promoting chitosan–alginate interactions and 
even increased surface hydrophilicity. Irrespective of plasticizer type, 
the inclusion of rGO reduced the biopolymers’ crystallinity and 
enhanced ionic conductivity. This study highlights how 2D carbon ma-
terials affect polysaccharides and GO’s efficacy in mitigating the IL 
cation’s negative effect on the polyelectrolyte complexation in poly-
saccharide materials. 

Zheng et al. [344] investigated the microstructure and properties of 
alginate/GO films crosslinked using various multivalent metal ions 
(Fe3+, Ca2+, and Ba2+). They observed that the presence of metal ions 
further increased the interlayer spacing of GO due to the incorporation 
of crosslinked alginate chains into the interlayer space. Among these 
ions, the addition of Fe3+ resulted in alginate/GO composite films with 
the highest interlayer spacing, TS, and YM, surpassing those with Ca2+

and Ba2+. Additionally, Vilcinskas et al. [339] noted that the orientation 
of GO nanosheets was influenced by the type of metal ion used. 

New processing techniques have also been reported to further 
enhance the mechanical properties of alginate/GO nanocomposites. 
Chen et al. [345] devised a novel artificial nacre-like composite paper 
using vacuum-assisted flocculation of an alginate/GO solution. The 
outcomes demonstrated that the mechanical properties of the algina-
te/GO composite paper far exceeded those of numerous previously re-
ported alginate-based nanocomposites. Hu et al. [346] introduced a 
continuous wet-spinning method for the production of alginate/GO 
composite films. These films displayed exceptional mechanical proper-
ties in uniaxial tensile tests. 

4.4. Alginate-based composites included with other fillers 

Shi et al. [347] introduced graphitic carbon nitride (g-C3N4) nano-
particles to enhance the thermal stability of alginate. The resulting 
composite, with a filler loading of 6 wt%, exhibited a substantial in-
crease of 118 ◦C in the degradation temperature as determined by TGA. 
An even greater enhancement in thermal stability was observed for the 
composite containing both g-C3N4 and MMT, indicating a synergistic 
effect [348]. 

Silicon dioxide (SiO2) has garnered attention for its use in alginate- 
based composites due to its large surface area and numerous hydroxyl 
groups on its surface. Yang et al. [349] created crosslinked alginate/-
nano-SiO2 films through in-situ synthesis of nano-SiO2. They observed 
that the SiO2 dispersed uniformly within the alginate matrix. The for-
mation of Si─O─C bonds between alginate and SiO2 was confirmed via 
FTIR analysis. The results demonstrated that the presence of SiO2 
improved the transparency, thermal stability, TS, and EB of the 
composite. 
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Other fillers, including metals and metal oxides, hydroxyapatite 
(HA), and bioglass, have also been utilized in the fabrication of alginate- 
based materials [107,194,350–353]. The utilization of HA and bioglass 
to create alginate-based composites for biomedical applications, such as 
tissue engineering for bone regeneration and drug release, has been 
extensively detailed in a prior review [16]. 

5. Applications of alginate-based multiphase bulk material 
systems 

In this section, prominent applications of alginate-based bulk mate-
rials, demonstrated in the literature, are discussed. 

5.1. Membranes separation and filtration 

Alginate has shown promise as a suitable material for separation 
membranes in processes involving liquid mixtures containing water, 
especially aqueous–organic mixtures, owing to its hydrophilic nature 
and high water permselective characteristic. 

Agostini de Moraes et al. [354] demonstrated that alginate mem-
branes have the capability to adsorb herbicides, namely diquat and 
difenzoquat. The adsorption efficiency for diquat reached about 95%, 
while for difenzoquat it was approximately 62%, after 120 min at a 
concentration of 50 µM. Huang et al. [70] observed that among different 
divalent ions (Ca2+, Zn2+, Mn2+, Co2+, Fe2+, and Al3+), the use of Ca2+

to crosslinking alginate resulted in membranes with superior pervapo-
ration performance for ethanol and isopropanol dehydration in terms of 
both flux and separation factor. Liu et al. [355] demonstrated that 
compared to alginate membranes crosslinked solely by CaCl2, those 
crosslinked by both AlCl3 and CaCl2 exhibited significantly improved 
adsorption performance for fluoroquinolones (antibiotics), along with 
high stability. The maximum adsorption capacity of levofloxacin and 
ciprofloxacin using the Al3+/Ca2+-crosslinked alginate membrane was 
836.31 mg⋅g− 1 and 858.94 mg⋅g− 1, respectively. Li et al. [356] observed 
that a porous alginate membrane, fabricated through freeze-drying and 
Ca2+-crosslinking, exhibited significant efficacy in removing methylene 
blue from water, achieving a removal percentage of 84.6% and a 
maximum adsorption capacity of 3506.4 mg/g. Gao et al. [137] 
demonstrated that the flux of a Ba2+/Ca2+-crosslinked alginate hydrogel 
membrane for a mixed solution of methyl blue and NaCl reached 
43.5 L⋅m− 2⋅h− 1, significantly higher than that of the Ca2+-crosslinked 
alginate membrane. Moreover, the Ba2+/Ca2+-crosslinked alginate 
membrane exhibited higher dye rejection (>99.6%) and lower salt 
rejection (<8.2%). Additionally, alginate membranes crosslinked with 
phosphoric acid demonstrated pervaporation separation capability for 
ethanol/water mixtures, achieving the highest separation selectivity of 
2182 with a flux of 35 g⋅m− 2⋅h− 1 [357]. 

Despite the above-mentioned studies, pure alginate membranes may 
experience significant swelling and reduced selectivity when applied in 
liquid mixtures. There has been a focus on optimizing the balance be-
tween swelling ability and selectivity for these applications [358]. In 
this context, incorporating hydrophilic porous particles, such as GO 
(including its reduced and modified forms) [103,343,359–361], carbon 
nanotubes (CNTs) [362], active carbon [363,364], palygorskite [365], 
clinoptilolite [366], Preyssler heteropolyacid nanoparticles [367], and 
metal-organic frameworks (MoF) [368], as well as hydrophilic poly-
mers, such as polyvinylpyrrolidone (PVP) [369], PVA [370], PEG [370], 
and cellulose [177], have been examined. 

As an example of alginate incorporating carbonaceous materials, Cao 
et al. [343] showcased Ca2+-crosslinked dried cast alginate/rGO mem-
branes that possessed brick-and-mortar morphology, increased free 
volume, enhanced swelling resistance, and mechanical stability. The 
hybrid membrane exhibited improved separation performance for 
ethanol/water mixtures with increased separation factor (1566) and an 
unusual change of permeation flux (1699 g/(m2⋅h)) at 1.6 wt% rGO 
content. For the same purpose, Zhao et al. [103] reported a permeation 

flux of 2140 g⋅m− 2⋅h− 1 and separation factor of 1370 demonstrated by 
Ca2+-crosslinked dried cast alginate membranes incorporating 2.5 wt% 
zwitterionic GO. Similarly for ethanol dehydration, Xing et al. [365] 
demonstrated the optimal performance of alginate/palygorskite com-
posite membranes. Using the hybrid membrane with 2 wt% of paly-
gorskite nanorods, a permeate flux of 1356 g⋅m− 2⋅h− 1 and a separation 
factor of 2030 for the dehydration of a 90/10 (w/w) ethanol/water feed 
were achieved. 

In a study by Yu et al. [361], composite nanofiltration membranes 
with an ordered layered “brick-and-mortar” structure formed by GO and 
alginate crosslinked with Ca2+ were fabricated on a hydrophilic poly-
vinylidene fluoride (PVDF) substrate via vacuum filtration. These 
membranes showed outstanding water permeability and excellent sep-
aration capabilities for various dyes such as methyl blue, congo red, 
crystal violet, and direct red 80. Moreover, they demonstrated high 
stability in water, as well as in strong acid and alkali solutions [361]. In 
another study, the capabilities of Ca2+-crosslinked alginate/GO hydro-
gel membranes for Cr(III) and Pb(II) separation were showcased, with 
the maximum adsorption capacity being 118.6 and 327.9 mg/g, 
respectively [359]. Ugur Nigiz [360] showcased the outstanding per-
formance of alginate membranes filled with GO for pervaporation 
desalination. The highest rejection rate reached 99.95%, with a flux of 
3.46 kg⋅m− 2⋅h− 1 achieved at 40◦C using 1 wt% of GO-filled alginate 
membrane. 

Jie et al. [362] developed an alginate/multi-walled carbon nano-
tubes (MWCNT) nano-filtration membrane using the diffusion 
Ca2+-crosslinking method with PEG-400 as the pore-forming agent. The 
composite membrane exhibited a high TS (1.83 MPa), satisfactory 
antifouling properties, and the ability to reject 98.62% of Congo red 
even after saturated adsorption. 

Also, a Ca2+-crosslinked alginate/activated carbon membrane 
demonstrated the ability to absorb methylene blue, with an absorption 
capacity of 666 mg/g [363]; with sodium benzyl dodecyl sulfate 
(SBDS)-treated MMT included in the formulation, a higher absorption 
capacity of 1429 mg/g was achieved [364]. 

Moreover, alginate/Preyssler heteropolyacid nanoparticle mem-
branes [367] and Ca2+-crosslinked alginate/MoF [368] have been 
investigated for isopropanol/water separation. Crosslinked alginate/-
clinoptilolite composite membranes were devised for dimethylforma-
mide/water separation [366]. Ca2+-crosslinked alginate/PVP 
membranes were developed for acetone/water separation [369]. 

GA-crosslinked alginate/PVA/PEG were investigated for acetic acid/ 
water and isopropanol/water separation [370]. 

Li et al. [254] assessed the effectiveness of alginate/gelatin PEC 
membranes for propylene dehydration. Dehumidification tests revealed 
that as the gelation content increased, both water vapor permeance and 
water/propylene selectivity rose simultaneously due to improved water 
sorption capability and reduced free volume cavity size. At a gelatin 
content of 60 wt%, the PEC membrane displayed the highest permeance, 
along with an infinite permselectivity, surpassing the performance of 
pure alginate and gelatin membranes. The phenomenon could be 
attributed to the interplay between sorption and diffusion processes. 

A membrane composed of electrospun alginate nanofibers coated 
with cellulose nanowhiskers (CNWs) demonstrated enhanced filtration 
efficiency. It effectively retained Cu and TiO2 nanoparticles, separated 
oil from an oil/water emulsion, and removed chromium ions from an 
aqueous solution [114]. 

The separation capabilities of alginate-based membranes can be 
extended to fuel cell applications. Alginate can enhance fuel cell per-
formance by improving proton conductivity and membrane durability 
and reducing fuel crossover and electro-osmotic drag [371]. In this 
domain, Smitha et al. [372] investigated the viability of using polyion 
complex (PIC) membranes made by blending chitosan (84% deacety-
lated) and sodium alginate for direct methanol fuel cells (DMFCs). The 
membranes showed low methanol permeability, excellent mechanical 
properties, and relatively high proton conductivity along with 
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cost-effectiveness, suitable for DMFC applications. Pasini Cabello et al. 
[149] explored electrolyte membranes based on alginate incorporating 
carrageenan for DMFCs. The films underwent chemical crosslinking by 
GA followed by sulfonation to increase ionic groups. Increasing carra-
geenan content from 0% to 20% led to an increase in methanol 
permeability and enhanced proton conductivity, despite decreased me-
chanical stability. Shaari and Kamarudin [154] observed that a 
GA-crosslinked alginate-based composite membrane incorporating 
alumina exhibited superior results in water uptake, ion exchange ca-
pacity, methanol permeability, proton conductivity, and oxidative sta-
bility compared to the pure alginate membrane, demonstrating the 
potential for DMFC applications. 

Similarly, the application of alginate membranes with ionic selec-
tivity (high proton conductivity and low quinone permeability) to the 
construction of quinone-based aqueous redox flow batteries was also 
demonstrated [373]. 

Wang et al. [374] presented an alginate/Ti3C2Tx membrane show-
casing remarkable selectivity for H+ and Fe2+ ions. This study intro-
duced a method of stabilizing the Ti3C2Tx laminar structure using 
alginate hydrogel pillars while adjusting ion selectivity. The ultrathin 
Mn–alginate pillared membrane, with matched d-spacing, demonstrated 
100% rejection of Na2SO4 coupled with high water permeability. 

This application of membranes for protein purification demands 
stringent requirements for disinfection resistance, low protein adsorp-
tion, antifouling properties, and the preservation of protein structure. 
Gao et al. [375] showcased alginate/TiO2 hydrogel membranes, pre-
pared via ionic crosslinking, exhibiting outstanding rejection of bovine 
serum albumin (BSA) and antifouling characteristics. These membranes 
demonstrated resilience to chlorine, allowing for disinfection or clean-
ing with sodium hypochlorite. Furthermore, the alginate/TiO2 mem-
brane loaded with polyhydroxybutyrate (PHB) nanofibers maintained 
high flux and BSA rejection, while exhibiting excellent antifouling 
properties. Remarkably, the membrane’s separation process preserved 
the secondary structure of BSA. 

The filtration and separation studies utilizing alginate-based mem-
branes discussed above highlight the significant potential of such 
membranes in various fields, including chemical/environmental engi-
neering, water treatment, biomedical, and energy applications. 

5.2. Entrapment and controlled release of bioactive and antimicrobial 
agents 

Ca2+-crosslinking produces compact alginate networks with 
decreased water resistance and permeability, making them ideal for 
entrapping small molecules like antimicrobial agents, bioactive com-
pounds, antioxidants, therapeutic agents, and nutrients. These networks 
facilitate gradual and controlled release of the entrapped molecules, 
making Ca2+-crosslinked alginate materials beneficial for various uses 
including nutritional supplementation, food preservation, therapeutics, 
and biomedical applications. 

5.2.1. For drug delivery 
In clinical applications, where the controlled release of povidone- 

iodine (PVPI) as an antiseptic agent into open wounds is crucial to 
prevent the absorption of toxic iodine doses by the wound, Liakos et al. 
[148] investigated the controlled release performance of alginate films 
containing PVPI. Their results revealed highly effective antibacterial 
and antifungal activity against E. coli bacteria and Candida albicans fungi 
within 48 h. Similar results were obtained in other studies [85]. Cross-
ingham et al. [58] emphasized that compared to Ca2+-crosslinked algi-
nate films prepared by the diffusion method, those prepared by the 
immersion method exhibited significantly lower permeability to 
theophylline, used as a model drug. This difference was particularly 
notable when the films were rehydrated in water and 0.1 M HCl, 
showing 90 times and 5 times differences, respectively. Dong et al. [67] 
examined the release kinetics of Ca2+-crosslinked alginate/gelatin films 

for ciprofloxacin as a model drug. Their findings indicated that the drug 
release rate decreased with increasing gelatin content in the film and 
higher drug loading. Moreover, drug release at pH 7.4 surpassed that at 
lower pH, a trend accelerated by higher ionic strength. Furthermore, the 
drug release percentage within 24 h decreased from 100% to 52% with 
increasing crosslinking duration till 30 min. 

Shi et al. [376] introduced a hydrophobically modified bio-
mineralized alginate membrane for smart drug release. This membrane 
was prepared by first casting a dried membrane containing alginate, 
poly(N-isopropylacrylamide) (PNIPAAm) (a thermally responsive 
component), sodium palmitate (a hydrophobic component), indometh-
acin (a model drug), and Na2HPO4. Subsequently, this membrane was 
immersed into a coagulation fluid containing chitosan and CaCl2. The 
resulting membranes featured a biomineralized component (CaHPO4) 
formed through the interaction between Ca2+ and HPO4

2− , along with 
polyelectrolyte complexation between chitosan and alginate. Their 
findings demonstrated that the controlled deposition of inorganic min-
erals and hydrophobic components within porous organic polymeric 
matrices effectively restricted the permeation of the encapsulated drug. 

Alginate materials have the potential to offer protection for the 
bioactive ingredients they contain. For example, De’Nobili et al. [142] 
illustrated that Ca2+-crosslinked alginate films, primarily composed of 
GG blocks, effectively preserved AA against hydrolysis under both vac-
uum and air conditions. This preservation capacity remained robust 
even amidst decreasing RH and glycerol levels. 

Other than films, alginate materials in the form of fibers have also 
been studied for the controlled release of drugs. For instance, Wang et al. 
[107] fabricated alginate/starch fibers incorporating salicylic acid as a 
model drug via wet spinning. Their findings indicated that increasing 
the starch content in the formulation, enhancing drug loading, and 
adjusting the pH from 1 to 7.4 led to a higher release of salicylic acid. Lai 
et al. [108] demonstrated that in Janus-morphological alginate fibers, 
adjusting the concentration of CMC sodium in each fiber compartment 
allowed for adjustment of physical properties and thus precise custom-
ization of the release profiles of model drugs such as malachite green and 
minocycline hydrochloride (Fig. 3A). 

5.2.2. For antimicrobial active food packaging 
Antimicrobial active food packaging development typically involves 

encapsulating plant-derived essential oils [40,52,72,95,165] and some 
vegetable oils [57,72,165], known for their antimicrobial properties, 
within packaging films to enable controlled release. For instance, Mai-
zura et al. [40] produced edible films using a blend of partially hydro-
lyzed sago starch and alginate, incorporating LGO (0.1–0.4%, v/w) and 
glycerol (0–20%, w/w). Regardless of glycerol and LGO levels, all films 
containing LGO were effective against E. coli O157:H7. Benavides et al. 
[52] demonstrated that alginate films prepared via internal gelation 
with CaCO3/GDL and containing OO exhibited superior efficacy against 
Gram-positive bacteria such as Staphylococcus aureus and Listeria mon-
ocytogenes compared to Gram-negative bacteria like E. coli and Salmo-
nella enteritidis. A minimum OO concentration of 1.0% was required for 
antibacterial effectiveness. Furthermore, alginate films incorporating 
garlic oil displayed antibacterial activity against S. aureus and Bacillus 
cereus [165]. Similarly, Abdel Aziz and Salama [72] demonstrated the 
efficacy of garlic oil-containing alginate films against S. aureus 
(Gram-positive bacteria), E. coli (Gram-negative bacteria), and Synce-
phalastrum racemosum (Fungi). Rojas-Graü et al. [166] assessed the 
antimicrobial properties of alginate/apple puree edible films containing 
essential oils/oil compounds against the foodborne pathogen E. coli 
O157:H7. Their findings ranked the antimicrobial activities as follows: 
carvacrol > OO > citral > LGO > cinnamaldehyde > cinnamon oil. In a 
related study, the same research group [95] examined the impact of 
incorporating LGO, OO, and vanillin into Ca2+-crosslinked algina-
te/apple puree edible coatings on the shelf-life of fresh-cut ‘Fuji’ apples. 
Their results demonstrated that all antimicrobial coatings significantly 
suppressed the growth of psychrophilic aerobes, yeasts, and molds on 
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the coated apples. LGO (1.0 and 1.5% w/w) and OO-containing coatings 
(0.5% w/w) displayed the strongest antimicrobial activity against Lis-
teria innocua inoculated into apple pieces before coating. 

Zactiti and Kieckbusch [78] demonstrated the potential of alginate 
films prepared through a two-step Ca2+-crosslinking process for the 
controlled release of potassium sorbate. They observed a decrease in the 
potassium sorbate permeability constant as the concentration of the 
crosslinking solution increased. However, da Silva et al. [83] found that 
Ca2+-crosslinked alginate films containing practical levels of potassium 
sorbate (17 wt% based on alginate) did not exhibit inhibition zones 
against Debaromyces hansenii, Penicillium commune, and Penicillium 
roqueforti in the agar diffusion test without altering the film’s physical 
properties. Instead, they observed Ca2+-crosslinked alginate films con-
taining natamycin (as low as 0.5 wt% based on alginate) and algina-
te/chitosan films containing natamycin (as low as 1 wt% based on the 
total polysaccharides) effectively inhibited the growth of these micro-
organisms. Bierhalz et al. [61] investigated the release pattern and 
antimicrobial properties of natamycin-containing alginate films pre-
pared by a two-step crosslinking process using Ca2+ and Ba2+ ions. Their 
findings revealed that the selection of ions during the initial stage 
affected both the rate at which natamycin was released and its effec-
tiveness in inhibiting microbial growth against four common cheese 
contaminants: Aspergillus niger, P. roqueforti, Penicillium chrysogenum, 
and Penicillium crustosum. Particularly, films crosslinked with Ba2+ fol-
lowed by Ca2+ displayed the lowest natamycin diffusion coefficient and 
resulted in the smallest inhibition zones against the tested 
microorganisms. 

A Ca2+-crosslinked alginate coating infused with nisin and EDTA, 
employed as antimicrobial packaging, significantly diminished the 
chemical spoilage of refrigerated (4 ± 1 ◦C) northern snakehead 
(Channa argus) fillets [93]. Additionally, alginate films incorporating 
Cryptococcus laurentii as a yeast antagonist were found to effectively 
inhibit mold growth and preserve the quality of strawberries [65]. 

5.2.3. For broader antimicrobial purposes 
Enhancing controlled release performance can involve loading 

antimicrobial agents into nanoparticles, such as nanoclays, before 
incorporating them into biopolymers. For instance, studies have shown 
that alginate films incorporating salicylic acid-loaded halloysite 
exhibited controlled release behavior for this antimicrobial agent [161]. 
Additionally, it was shown that microencapsulation of carvacrol by 
β-cyclodextrin before loading it into alginate films enhances controlled 
release performance for carvacrol, as well as its antifungal and antiox-
idant efficacy [76]. 

Eghbalifam et al. [272] showcased that PVA/alginate films 
embedded with in-situ synthesized silver nanoparticles, synthesized in 
situ through the reduction of silver nitrate under gamma irradiation, 
demonstrated controlled release of the nanoparticles. Moreover, they 
found that the release rate in lukewarm water escalated with higher 
gamma doses. These composite films displayed potent antibacterial 
properties against S. aureus (Gram-positive bacteria) and E. coli 
(Gram-negative bacteria) even at minimal concentrations of silver 
nanoparticles. Similarly, antimicrobial results have been reported by 
others [377,378]. Abdel Aziz et al. [378] additionally demonstrated the 
antimicrobial activity of ZnO-nanoparticles-containing alginate-based 
films against S. racemosum (Fungi). 

Besides their applications in food, alginate materials encapsulating 
antimicrobial agents are also crucial in biomedical contexts. For 
example, Cleetus et al. [118] formulated alginate hydrogel with incor-
porated ZnO nanoparticles, which exhibited a photoinduced bacteri-
cidal effect against Staphylococcus epidermidis. Additionally, these 
materials were effective for humidity retention and did not adversely 
affect the cell viability of STO fibroblasts. 

Antibacterial fibers hold significant promise for various applications 
such as medical dressings, surgical sutures, and masks, sparking 
considerable interest in developing durable, high-performance 

antibacterial textiles. In this context, Zheng et al. [106] presented a 
novel approach to creating antibacterial fibers through the wet spinning 
process. These fibers, a blend of zeolitic imidazolate framework-8 
(ZIF-8) and alginate, displayed remarkable antibacterial efficacy, sur-
passing many other fiber types enhanced with inorganic nanoparticles. 
Additionally, they exhibited high TS and durability. The exceptional 
antibacterial performance of the fibers was attributed to the production 
of reactive oxygen species from ZIF-8 and the swelling of alginate. 

5.3. Biomedical applications 

Alginate offers numerous appealing characteristics, including 
biocompatibility, low toxicity, and cost-effectiveness, along with its 
gelation properties, making it well-suited for biomedical applications. 
Its hydrogels, with their network structure, can deliver bioactive agents 
such as small chemical drugs and proteins. Additionally, alginate ex-
hibits structural similarities to the extracellular matrices (ECMs) of 
living tissues, thereby facilitating various applications in wound healing 
and cell transplantation [28]. While Section 5.2 already covers much 
about the entrapment and delivery of bioactive agents, the following 
discussion will focus specifically on wound healing and tissue engi-
neering using alginate-based bulk materials. 

5.3.1. Wound healing 
Alginate-based materials have long been utilized for wound healing 

purposes, primarily due to their moisture-retention capacity and their 
ability to enhance cell proliferation and adhesion [379]. The beneficial 
effects of alginate on wound healing may involve biological mechanisms 
linked to the expression of transforming growth factor-β1, fibronectin, 
vascular endothelial growth factor (VEGF), and collagen-I [380]. How-
ever, Doyle et al. [381] proposed that calcium alginate may enhance 
certain cellular aspects of normal wound healing while influencing 
others differently. Specifically, their findings indicated that calcium 
alginate promoted the proliferation of fibroblasts while reducing the 
proliferation of microvascular endothelial cells (HMEC) and keratino-
cytes. Besides, calcium alginate was found to decrease fibroblast motility 
without affecting keratinocyte motility. Moreover, the impact of calcium 
alginate on cell proliferation and migration could be mediated by the 
release of Ca2+ ions. 

Recent studies on alginate for wound healing have increasingly 
concentrated on incorporating bioactive ingredients, including drugs 
[84,382,383], enzymes [384,385], and cells [87]. These investigations 
aim to deliver these components in a controlled manner to augment the 
wound-healing process. 

For instance, Bagher et al. [85] illustrated that sodium alginate/PVPI 
films could mitigate the inflammatory response in human foreskin fi-
broblasts following lipopolysaccharide (LPS) stimulation, as well as in 
rodents with induced wounds. Rats treated with the film exhibited 
significantly accelerated wound closure compared to untreated coun-
terparts, achieving complete closure within 12 days. Zheng et al. [84] 
developed a hydrogel dressing based on Zn2+-crosslinked alginate 
incorporating cannabidiol for wound management. In vitro experiments 
demonstrated the hydrogel’s favorable biocompatibility, antibacterial 
properties, and angiogenesis promotion. Additionally, it effectively 
scavenged 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radicals, reducing 
inflammatory responses. In vivo studies revealed the hydrogel’s efficacy 
in controlling inflammation, promoting collagen deposition and gran-
ulation tissue formation, and fostering blood vessel formation, thereby 
expediting the wound healing process. Recognizing hydrogen sulfide 
(H2S) as a crucial gasotransmitter pivotal for angiogenesis and wound 
healing, Zhao et al. [88] engineered a sodium alginate-based sponge 
incorporating JK-1, a pH-dependent H2S donor. This sponge gradually 
released H2S under acidic conditions by absorbing wound exudate. In 
vitro cell studies demonstrated the sponge’s cytocompatibility and its 
ability to enhance fibroblast proliferation and migration. In vivo ex-
periments further showcased the sponge’s efficacy in improving wound 
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healing through enhanced granulation tissue formation, 
re-epithelialization, collagen deposition, and angiogenesis. Zhang et al. 
[385] engineered a pH-sensitive porous cryogel containing citric acid 
(CA) and vancomycin. The vancomycin-loaded gel demonstrated potent 
antibacterial activity in mildly acidic conditions, with the combination 
of CA and vancomycin exhibiting a synergistic therapeutic effect against 
acute infections. Additionally, the drug-loaded hydrogel displayed 
favorable coagulation properties, strong platelet adhesion, high fluid 
absorption capacity, and maintained a suitable fluid balance on the 
wound bed. Wang et al. [383] devised a hydrogel comprising alginate 
and platelet-rich plasma (PRP), in which the addition of thrombin/FeCl3 
solution induced plasma coagulation and fibrin network formation, 
while alginate was crosslinked by Fe3+. This dual-network structure 
encapsulated amoxicillin. The hydrogel, cultured in a phosphate buffer 
solution, exhibited detectable levels of epidermal growth factor (EGF) 
and VEGF, indicating potential for cell proliferation and vascular 
regeneration. In vivo trials conducted with rats underscored the 
hydrogel’s effectiveness in promoting wound closure. 

Theocharidis et al. [87] showcased the effectiveness of a 
calcium-crosslinked alginate dressing in locally delivering primary 
macrophages and their secretome to diabetic wounds. This dressing, 
characterized by a porous structure, facilitated uniform cell loading, 
extended cell survival, and sustained cell release for up to 16 days 
post-injury. Application of all macrophage subtypes and their secretome 
using this dressing significantly expedited wound healing in wounds of 
db/db mice compared to the control group. 

Combinations of alginate with other biopolymers, such as chitosan 
[71,85,86,386], gelatin [91], and hyaluronan [387] have been formu-
lated to enhance wound healing effects. This is due to the rapid degra-
dation and high-swelling profiles of alginate hydrogels, as well as their 
lack of cell-binding sites [388]. 

For example, Caetano et al. [71] discovered that a Ca2+-crosslinked 
dried cast chitosan/alginate membrane effectively regulated the in-
flammatory phase and promoted fibroplasia and collagenesis, thus 
accelerating wound healing in experimental cutaneous wounds in rats, 
compared to the control group treated solely with saline. In two separate 
studies, alginate/chitosan porous gels, prepared by crosslinking with 
CaCl2 and GA followed by lyophilization, were used to load hesperidin 
[85] and α-tocopherol (vitamin E) [86], respectively. The time-kill assay 
demonstrated the antibacterial properties of the hesperidin-loaded gel, 
while the MTT assay revealed its positive effect on cell proliferation, 
with no observed toxicity on cells [85]. In vivo results indicated that 
both hesperidin- and vitamin E-loaded gels exhibited superior wound 
closure compared to gauze-treated wounds (the control group) [85,86]. 
Wang et al. [386] reported on flexible cast chitosan/alginate PEC films 
crosslinked with CaCl2 for wound healing purposes. In vitro studies 
demonstrated that these films and their aqueous extracts were non-toxic 
to mouse and human fibroblast cells. Compared to conventional gauze 
dressing, the films accelerated the healing of incision wounds in a rat 
model and induced active inflammation in the dermis. In contrast to the 
aforementioned studies involving mixtures of alginate and chitosan, 
Zhao et al. [389] developed a wound dressing in the form of 
chitosan-coated calcium alginate. In vitro and in vivo experiments 
revealed that the composite film exhibited good moisturizing and anti-
bacterial properties with no cytotoxicity. It was capable of inhibiting 
inflammation by reducing IL-6 and promoting angiogenesis by 
increasing VEGF, resulting in enhanced wound healing compared to 
alginate film. 

Afjoul et al. [91] revealed that for alginate/gelatin porous scaffolds, 
a higher gelatin content led to increased biodegradation and enhanced 
cell proliferation and viability. In vivo results demonstrated the 
biocompatibility of the blend scaffold and its positive contribution to the 
wound-healing process in rats. Catanzano et al. [387] observed that an 
alginate/hyaluronan hydrogel significantly enhanced gap closure in a 
scratch assay at both early (1 day) and late (5 days) stages compared to 
an alginate-only hydrogel. In vivo wound healing experiments 

conducted on a rat model of excised wounds indicated that after 5 days, 
the alginate/hyaluronan hydrogel significantly promoted wound 
closure compared to the alginate-only hydrogel. 

Alginate has also been combined with synthetic polymers for wound- 
healing applications. For instance, Golafshan et al. [320] developed 
Ca2+-crosslinked alginate/PVA/laponite hydrogels for wound healing, 
demonstrating excellent biocompatibility against MG63 and fibroblast 
cells. Remarkably, fibroblast proliferation significantly increased on the 
composite alginate/PVA hydrogel with 0.5 wt% laponite compared to 
those without. Additionally, the hydrogels promoted hemostasis, which 
could be beneficial in wound dressing. Abbasi et al. [382] devised a 
novel thermosensitive hydrogel membrane comprising PVA, sodium 
alginate, pluronic F-127 (a thermo-responsive polymer), and poloxamer 
407 (surfactant) for accelerated wound healing. This membrane, 
incorporating amikacin, exhibited sustained release of this antimicrobial 
agent, resulting in a significantly larger zone of inhibition against 
S. aureus and P. aeruginosa. Excisional animal models demonstrated 
significantly higher wound healing efficacy of the hydrogel membranes, 
characterized by faster wound closure, increased re-epithelialization, 
and enhanced granulation tissue formation compared to positive and 
negative control groups. 

5.3.2. Bone tissue engineering 
Early studies exploring the use of alginate as guided bone regener-

ation (GBR) membranes, formed on bone defect surfaces through 
crosslinking sodium alginate with CaCl2 solution, indicated their po-
tential to restore bone defects to nearly original conditions, albeit with 
delayed healing and absence of inflammatory response surrounding the 
alginate membrane [390,391]. However, for bulk materials such as 
hydrogels or porous cryogels applied to treatment sites, the material 
characteristics play a crucial role in bone regeneration efficacy, with 
porosity being particularly significant. Research showed that smaller 
pore structures in alginate hydrogels significantly increased the gener-
ation rate of glycosaminoglycans (GAGs) and collagens in human 
chondrocytes [54]. Additionally, to create a porous structure, Valente 
et al. [392] fabricated alginate microparticles and microfibers through 
CaCl2 crosslinking in an alginate solution, subsequently aggregating 
these into bulk scaffolds within a mold. The biocompatibility of these 
scaffolds was confirmed through observed cell adhesion and prolifera-
tion after 5 days of seeding, alongside non-radioactive assays. 

In bone tissue engineering, the intrinsic characteristics of alginate, 
such as M/G content and molar mass, can significantly influence the 
efficacy of resulting materials. Wang et al. [393] proposed the potential 
of Ca2+-crosslinked alginate as a substrate for rat marrow cell prolifer-
ation and as 3D degradable scaffolds. They found that a high-purity, 
high-G-type alginate hydrogel retained 27% of its initial strength after 
12 days in culture, with comparable levels of proliferation observed on 
this material and tissue culture plastic. Dodero et al. [112] found that for 
electrospun alginate nanofibers, longer chains and a higher concentra-
tion of guluronic moieties resulted in a pronounced polyelectrolyte na-
ture, which led to higher cell adhesion efficiency (compared to seeded 
cells, 15–36%) as tested using osteoblast cell lines. In comparison, lower 
adhesion of 5–25% was observed with a neutral nature of alginate 
nanofibers. However, fibroblasts and keratinocytes, primary cell lines in 
skin, did not exhibit preferences for the three tested mats with varying 
polyelectrolyte nature in terms of cell seeding percentages, ranging 
30–40% and 10–20%, respectively. 

As the reasons already discussed in the realm of wound healing, it is 
common practice to formulate alginate with other biopolymer matrices 
(e.g., chitosan [89,90], gelatin [120,122,123,125], collagen [124], 
agarose [124], decellularized extracellular matrix (dECM) [121], and 
nanofillers (e.g., cellulose nanofibrils/nanocrystals [119,125], meso-
porous silica nanoparticles (MSNs) [90], carbon nanofibers [123], HA 
[128,394], and polydopamine nanoparticles (PDANPs) [119]) to 
enhance structural properties and performance in bone tissue 
engineering. 
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For instance, Li et al. [89] observed that bone-forming osteoblasts 
readily adhered to a porous chitosan/alginate scaffold, exhibited robust 
proliferation, and deposited a calcified matrix. Additionally, in vivo 
findings demonstrated that the chitosan/alginate scaffolds facilitated 
rapid vascularization and deposition of connective tissue and calcified 
matrix throughout the scaffold structure. Similarly, Yousefiasl et al. [90] 
noted that alginate/chitosan porous composite scaffolds incorporating 
MSNs exhibited favorable swelling behavior, enhanced mechanical 
strength, and significantly improved biomineralization properties 
without compromising porosity or inducing cytotoxic effects, compared 
to alginate/chitosan scaffolds without MSNs. Notably, the algina-
te/chitosan scaffold with 30 wt% MSNs exhibited substantially 
increased cell viability compared to the control, suggesting its potential 
for bone tissue regeneration. 

Recent studies have delved into the 3D printability of alginate gelatin 
hydrogels and the structure and properties of the resulting printed 
constructs, with 3D bioprinting emerging as a promising approach in 
tissue engineering. For example, Chawla et al. [122] observed that when 
printing cell-laden 3D scaffolds for bone tissue engineering, both 20 and 
25% infill within alginate/gelatin scaffolds resulted in increased 
viability and proliferation of osteoblasts (MG63) cells. Kreller et al. 
[120] explored 3D printing as a method to mimic the inherent hierar-
chical structure of natural articular cartilage using alginate di-aldehyde 
(ADA)/gelatin hydrogel as an ink. Pre-treating gelatin with heat (80 ◦C 
for 3 h) altered the mechanical and rheological properties of ADA/ge-
latin, which enabled the printing of intricate hierarchical structures, 
achieving scaffold heights exceeding 1 cm, with elastic moduli approx-
imately ~5 kPa. Dutta et al. [125] developed 3D-printed hybrid 
hydrogel scaffolds composed of alginate, gelatin, and cellulose nano-
crystals (CNCs), which exhibited superior mechanical strength 
compared to pure polymer scaffolds. The 1% CNC/alginate/gelatin 
scaffold showed enhanced cell proliferation and improved mineraliza-
tion compared to the control, indicating its potential for osteogenesis. 
Furthermore, rapid bone regeneration was observed in the rat CCD-1 
defects model following transplantation of the composite scaffolds 
after three weeks, suggesting their enhanced capacity for bone 
regeneration. 

Yang et al. [124] employed bioinks containing alginate mixed with 
either collagen type I (SA/COL) or agarose (SA/AG), along with chon-
drocytes, for 3D printing of in vitro cartilage tissue. Among the three 
alginate-based scaffolds, SA/COL notably enhanced cell adhesion, 
accelerated proliferation, and upregulated the expression of 
cartilage-specific genes such as Acan, Col2al, and Sox9 compared to the 
other groups, demonstrating potential in cartilage tissue engineering. 
Lee et al. [121] found that adding methacrylated (Ma)-dECM to an 
alginate-based bioink improved printability for creating 3D cell-laden 
structures and enhanced cell viability in the printed constructs. Addi-
tionally, the biologically enriched microenvironment of the 
alginate-based cell-laden structures, formed using this approach, 
notably affected the osteogenic differentiation of human 
adipose-derived stem cells within the bioink. 

Im et al. [119] formulated alginate/tempo-oxidized cellulose nano-
fibrils (TOCNF) hydrogel bioinks without or with PDANPs, all suitable 
for 3D printing. In vitro investigations of 3D-printed osteoblast-laden 
scaffolds demonstrated that the bioink incorporating 0.5% PDANPs 
significantly promoted osteogenesis. 

HA, the primary mineral component of bones, is naturally compat-
ible with human tissues and exhibits bioactive properties, capable of 
stimulating bone growth. Furthermore, incorporating polymers with HA 
may enhance mechanical properties [395]. Benedini et al. [394] syn-
thesized Ca2+-crosslinked alginate/nano-HA composite materials with 
ciprofloxacin loaded in either alginate or nano-HA, demonstrating their 
efficacy in promoting bone regeneration. These composites exhibited 
controlled release of ciprofloxacin, and antibacterial activity against the 
three main strains causing osteomyelitis, with the nano-HA-loaded 
alginate material showing superior performance compared to the 

alginate-loaded composite. Both composites demonstrated bioactivity, 
evidenced by the growth of biogenic HA, high biocompatibility, and cell 
viability with Calvaria rat osteoblasts, indicating their potential for use 
as bone filler antibiotic devices. In another work [128], alginate/HA 
aerogel scaffolds for bone regeneration were prepared through 3D-print-
ing of hydrogels followed by supercritical CO2 drying. The resulting 
aerogel scaffolds exhibited high porosity, biocompatibility, and printing 
fidelity, enabling the attachment and proliferation of mesenchymal stem 
cells (MSCs). These aerogels also enhanced fibroblast migration toward 
the damaged area, suggesting their efficacy in bone regeneration. 

5.3.3. Other tissues engineering 
Incorporating electrically conductive materials into alginate hydro-

gels can render the resulting scaffolds electroactive, presenting potential 
for various biomedical applications related to tissue regeneration. These 
applications include skeletal muscle tissue engineering, as well as car-
diac and neuronal tissue engineering [123,396]. In this context, Serafin 
et al. [123] developed printable alginate/gelatin/carbon nanofibers 
hydrogel inks, which were utilized to print electroconductive 3D scaf-
folds. In vitro studies demonstrated enhanced cellular proliferation with 
the used of these scaffolds compared to controls. Similarly, 
Aparicio-Collado et al. [396] developed Ca2+-crosslinked alginate/po-
lycaprolactone (PCL)/rGO composites to address drawbacks associated 
with alginate, such as low cell adhesion and weak structural stability. 
Moreover, the inclusion of reduced rGO nanosheets increased the elec-
trical conductivity of the hydrogels, achieving values within the range of 
muscle tissue. In vitro cultures with C2C12 murine myoblasts demon-
strated that the conductive nanohybrid hydrogels were not cytotoxic 
and significantly enhanced myoblast adhesion and myogenic 
differentiation. 

More studies have investigated the potential of 3D printing for tissue 
engineering applications. Kakarla et al. [127] demonstrated that incor-
porating boron nitride nanotubes (BNNTs) into a gelatin/alginate 
formulation for 3D printing resulted in reduced strand thicknesses, 
increased printing accuracy (>90%), and lower swelling rates, along 
with higher compressive stress load of the printed constructs. These 
improvements are beneficial for fabricating tissue engineering con-
structs. However, it was observed that increased doping of BNNTs led to 
a slight rise in toxicity, as indicated by cell viability tests using human 
embryonic kidney cells (HEK293T). 

Kang et al. [126] presented the 3D printing of a gelatin/alginate 
composite hydrogel to fabricate a multilayer composite scaffold con-
taining essential cell types precisely distributed in three dimensions, 
mimicking the hair follicle microenvironment in the body. In vivo ex-
periments demonstrated that the multilayer scaffold exhibited favorable 
cytocompatibility and enhanced proliferation ability of dermal papilla 
cells (DPCs) by 1.2-fold. Notably, hair follicles were regenerated in the 
appropriate orientation in vivo. 

5.4. Food packaging and drinking straws 

Alginate holds great promise in the field of food packaging, partic-
ularly in the realm of edible films and coatings. Its popularity in these 
applications stems from its exceptional ability to form films, its effective 
barrier properties against O2 and CO2, and its suitability for consump-
tion. For example, Puscaselu et al. [49] illustrated that cast agar/-
alginate films supplemented with Stevia rebaudiana possessed excellent 
attributes for powder-type packaging. These films exhibited high solu-
bility, uniformity, well-defined edges, moderate roughness, as well as 
good strength and elasticity, and could manage high-humidity envi-
ronments or products containing photodegradable compounds. 

When creating edible films and coatings, ensuring a pleasant taste is 
crucial. While Ca2+ crosslinking is commonly employed for producing 
alginate materials, the use of CaCl2 can introduce a bitter flavor. To 
mitigate this issue, calcium gluconolactate, a widely used food additive, 
can serve as a crosslinking agent for alginate [80]. 
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As discussed to some extent in Section 5.1 , alginate-based films 
have demonstrated the ability to encapsulate various antimicrobial 
compounds, including essential oils [40,52,95,166], some vegetable oils 
like castor oil [57] and garlic oil [72,165], cinnamic acid [156], salicylic 
acid [161], carvacrol [76], beetroot extract [162], grapefruit seed 
extract [377], potassium sorbate [61,78,83], nisin/EDTA [93], nata-
mycin [61,66,83,397], C. laurentii (yeast antagonist) [65], silver nano-
particles [272], sulfur nanoparticles [73], sulfur quantum dots (SQDs) 
[398], and CuO nanoparticles [151]. Additionally, they can also incor-
porate antioxidants/anti-browning agents such as AA [142,399], CA 
[399], cysteine [95,96,399], glutathione [96]), cinnamic acid [156], 
pterostilbene [157], carvacrol [76], SQDs [398], CuO nanoparticles 
[151], and graphitic carbon nitride (g-C3N4) nanoparticles [75]. More-
over, studies have shown that plant extracts like Aloe vera [72,378] and 
peanut red skin extract [74], cottonseed protein hydrolysates [152], and 
garlic (Allium sativum) cloves-derived carbon dots [153] exhibited both 
antibacterial and antioxidant effects. The antibacterial and antioxidant 
properties make alginate films useful for active food packaging, effec-
tively extending shelf-life. 

Rojas-Graü et al. [95] compared the effects of alginate/apple puree 
edible coatings incorporating different essential oils, including LGO, 
OO, and vanillin. While all these coatings demonstrated strong capa-
bilities in inhibiting the growth of psychrophilic aerobes, yeasts, and 
molds, the LGO-containing coating resulted in significant texture soft-
ening, possibly due to its lower pH. Conversely, the vanillin-containing 
coating (at 0.3% w/w) emerged as the most effective in terms of sensory 
quality after 2 weeks of storage [95]. This research underscores the 
importance of considering various factors that could influence food 
quality beyond just antimicrobial activity. 

It is noteworthy that antimicrobial functionality can also be achieved 
by incorporating cationic polysaccharides, such as chitosan and cationic 
starch [400]. 

Edible alginate-based films and coatings offer an opportunity to 
fortify food with nutritional additives, thereby enhancing people’s 
health. For instance, Tapia et al. [399] showcased the effectiveness of 
alginate coatings containing antioxidants like N-acetylcysteine, AA, and 
CA. These coatings were applied to high-moisture fresh-cut fruits such as 
apple and papaya, facilitating the growth of Bifidobacterium lactis Bb-12. 
This research paves the way for the development of probiotic fresh-cut 
fruit products, presenting new avenues for innovation in the food 
industry. 

Incorporating certain functional ingredients into alginate films can 
enable them to serve as visual indicators of food freshness, which falls 
into the concept of intelligent food packaging. For instance, Santos et al. 
[48] demonstrated that alginate films loaded with 40% Clitoria ternatea 
extract not only displayed antibacterial properties against E. coli but also 
exhibited significant colorimetric capabilities. These films could change 
color at different pH levels (pink-green), in the presence of ammonia gas 
(blue-green), and during the sterilization process (blue-yellow). When 
the film loaded with 40% Clitoria ternatea extract was utilized to monitor 
the freshness of milk and meat products (e.g., shrimp and pork), its blue 
color transitioned to purple and green, respectively. Similarly, Guo et al. 
[162] reported alginate films formulated with beetroot extract exhibited 
not only antioxidant properties but also underwent discoloration when 
the TVB-N level surpassed 8.0 mg and 100 g during pork storage at 4 and 
20 ◦C, respectively. 

It is crucial to acknowledge that for applications like food packaging, 
mechanical and barrier properties are essential considerations. How-
ever, the incorporation of functional ingredients, as discussed in Section 
2.4.5 , can potentially impact these properties. Fortunately, ingredients 
such as sunflower oil [96], OO [52], and garlic oil [72], have been 
demonstrated to reduce WVP, which is advantageous for food packaging 
applications. The effects of different additives on alginate film properties 
are listed in Table 2. 

Mohammed et al. [155] have shown a biodegradable formulation 
based on alginate, with starch and CMC as minor components, along 

with glycerol and PEG plasticizers. The composite films exhibited 
extremely low OP, good WVP and a high YM. Additionally, alginate 
composite films demonstrated superior OP, higher WVP, and compara-
ble material properties compared to commercial HDPE, PET, and PLA. 
Therefore, this film shows great promise as an alternative for food 
packaging in low-moisture environments. 

Producing biopolymer multilayer films, like gelatin/alginate, 
through a layer-by-layer process has proven to be an effective approach 
for overcoming the limitations of individual biopolymers and addressing 
the challenge of forming insoluble PECs especially related to food 
packaging [158]. 

In addition to films and coatings, alginate exhibits potential for use in 
other food-related products. Liu et al. [111] showcased alginate-based 
drinking straws prepared using the DDA method, which displayed 
outstanding hygroscopicity, even when exposed to hot water up to 85◦C, 
as well as impressive mechanical properties. These properties surpass 
those of PLA and paper straws. 

5.5. Agricultural applications 

Alginate has also garnered significant interest in the field of agri-
culture, particularly as biodegradable mulching films. For example, 
Zhao et al. [47] developed a mulch film using kelp as the raw material. 
They discovered that the film, crosslinked simultaneously with 2% CaCl2 
and 1% HCl, exhibited superior physical properties compared to using 
either CaCl2 or HCl alone, or using them sequentially for crosslinking. 
Liling et al. [62] demonstrated that crosslinked dried cast alginate films 
exhibited high TS, low WVP, and high light transmittance, making them 
well-suited for use as agricultural mulching films. The film crosslinked 
with 2% CaCl2 for 2 min showed optimal performance. 

Santos et al. [69] demonstrated the potential application of alginate 
and alginate/konjac glucomannan films enriched with sugarcane 
vinasse as nutrients for agricultural purposes such as mulching, seedling 
bags, and seed tapes. Su et al. [301] showcased that PVA films incor-
porated with alginate and quaternary lignin exhibited significantly 
improved mechanical properties, water-holding capacity, UV resistance, 
and degradability, while reducing the cost of PVA films, making them 
suitable for agricultural applications. Specifically, with optimal addition 
amounts, the WVP of the film was 109.2 g⋅m− 2⋅day− 1, the water evap-
oration rate after covering the soil with the mulch film was 
500 g⋅m− 2⋅day− 1, and degradability reached 55% after 50 days. Addi-
tionally, the visible light transmission rate was only 20%. 

Han et al. [53] introduced alginate/cellulose fiber films featuring a 
dual network, comprising the alginate network crosslinked by 
CaCO3/GDL and a network formed by mechanical entanglement and 
hydrogen bonds between cellulose fibers. The films exhibited optimal 
mechanical strength, WVP, and biodegradability. Notably, the TS of the 
film reinforced with cellulose fibers at a content of 7.7% was approxi-
mately ten times that without the fibers, reaching 85 MPa. Wang et al. 
[68] devised a high-barrier composite mulch film comprising a base cast 
film made from alginate, alkali lignin, and tunicate CNCs crosslinked 
with CaCl2 using the immersion method. Additionally, low-energy 
kaolin was sprayed onto the film surface with water-borne poly-
urethane (WPU) as a binder. This composite film demonstrated satis-
factory mechanical properties, high UV resistance, excellent 
hydrophobicity, water vapor barrier, and water retention capability. It 
also displayed notable flame retardancy, self-extinguishing within 7 s of 
open flame ignition. 

Sprayable alginate coatings for agricultural applications are 
intriguing due to their ease of application and potential to address the 
weak mechanical properties of freestanding films [141,401]. Immirzi 
et al. [163] formulated alginate-based coatings incorporating HEC and 
poly-3-glycerol to enhance the elasticity of alginate to coating devel-
opment. Biodegradation tests showed that the alginate multiphase sys-
tems experienced a 65% biodegradation rate after 6 months in soil. 
However, the mechanical performance of these coatings needed to be 
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further improved, especially to enable their use in open fields, where 
they may be exposed to hail and rain. Merino et al. [150] showcased the 
positive impact of an alginate-based spray formulation containing 1% 
seaweed, Undaria pinnatifida, on the growth and physiological parame-
ters of tomato plants. The sprayed mulch film led to enhanced tomato 
plant aptitude, reduced soil temperature, and increased microorganisms 
such as fungi and actinomycetes in the substrate, consequently reducing 
the need for fertilizers and mitigating water pollution. 

One potential issue associated with alginate mulch films or coatings 
used in agriculture could be their rapid degradation, which may affect 
their service life [68]. However, it is worth noting that they do not 
require recycling, meaning they will not contribute to environmental 
pollution. 

5.6. Other applications 

Cathell and Schauer [56] demonstrated that the combination of al-
ginate’s metal ion binding ability with its structural coloration enables 
the use of alginate thin films for color-based optical sensing of metal ions 
in aqueous solutions. Further investigation revealed that changes in film 
thickness predominantly influence the shift in reflected film color for 
certain ions like Cr(III) and Cr(VI). Conversely, for ions such as Pb(II), 
alterations in film refractive index significantly impact the reflectance 
properties of the films. 

Moreover, alginate-based materials have found applications in flame 
retardancy [402–404] and sensing [56,405]. These applications typi-
cally rely on alginate’s excellent film-forming characteristics and 
enhanced functionality achieved through hybridization with inorganic 
materials. 

6. Conclusions 

Alginate-based multiphase systems hold significant promise as solid 
materials for various applications, such as food packaging, mulching 
films, and separation membranes. This potential is due to their excellent 
qualities, including renewability, biodegradability, and hydrophilicity. 
However, like other polysaccharides, alginate faces limitations such as 
weak mechanical properties, poor water and thermal resistances, and 
limited processability, which have hindered its industrial applications. 
Consequently, numerous efforts have been recently developed to 
address these limitations. However, conventional ionic crosslinking 
stands out as the most common and convenient method to enhance the 
water resistance and mechanical properties of alginate-based materials. 
However, the development of multiphase systems must be considered as 
one of the easiest and most cost-effective approaches to improving al-
ginate’s performance. Over past decades, different multiphase systems, 
including plasticized alginate, blends, and different types of (nano) 
composites, have been examined. 

Alginate-based blends often incorporate various polysaccharides and 
proteins due to their widespread availability, biodegradability, and 
excellent compatibility with alginate. Additionally, certain hydrophilic 
fossil-based polymers, such as PVA, have been utilized in alginate-based 
blends. These blends effectively amalgamate the properties of the con-
stituent polymers, resulting in a synergistic effect that can lead to 
significantly enhanced properties, such as enhanced water resistance 
and mechanical properties. 

In alginate-based composites, cellulose nanoparticles and nanoclays 
are frequently employed as common fillers due to their widespread 
availability, cost-effectiveness, and high aspect ratio. The incorporation 
of nanofillers typically results in enhancements across various properties 
of alginate-based composites, including mechanical, thermal, barrier, 
and water resistance properties. These improvements are primarily 
attributed to the uniform dispersion of fillers within the alginate matrix 
and the formation of strong bonds at the alginate-filler interface. 

With tailored structures and enticing characteristics, alginate-based 
multiphasic bulk materials show promise across diverse applications 

such as membrane separation, controlled release, wound healing, tissue 
engineering, food packaging, agriculture, and beyond. 

7. Future perspectives 

While significant progress has been achieved, there remains ample 
opportunities for future research aimed at developing new engineering 
techniques for crafting alginate materials and creating novel alginate 
multiphase systems with enhanced performance to bolster 
competitiveness. 

Currently, our understanding of the intricate relationship between 
structure, processing, and properties in various alginate-based material 
systems must be completed. Thorough exploration is needed to 
comprehensively elucidate the influence of various factors and param-
eters. Additionally, a deeper understanding of how alginate and other 
polymers impact each other’s chain crosslinking and aggregation is 
essential. Also, while there is a widespread assumption of high affinity 
between alginate and other hydrophilic polymers, a meticulous study of 
their true compatibility is vital, as it fundamentally determines material 
properties. 

Furthermore, we must explore how to harness the structural features 
and properties inherent to biopolymers for the creation of robust and 
functional materials. In this context, particular emphasis should be 
placed on researching and developing cost-effective processes for 
creating bulk polyelectrolyte-complexed chitosan/alginate materials. 
These materials hold the potential to achieve significantly enhanced 
properties, such as mechanical strength, stability, and barrier properties. 

Considering alginate’s distinctive ability for ionic crosslinking using 
multivalent cations, it is worth focusing on developing novel, cost- 
effective processes for precisely controlled ionic crosslinking, allowing 
the production of alginate materials with well-defined structures and 
desired properties. Also, exploring the utilization of this ionic cross-
linking characteristic to create alginate-based hybridized materials with 
IPN structures or cage structures holds promise for property 
enhancement. 

Most previous research has relied on solvent casting, which poses 
significant limitations, particularly for blends involving non-water- 
soluble polymers. Solution casting is known to suffer from inefficiency 
and challenges in scaling up for industrial applications. Moreover, this 
method consumes and releases substantial amounts of solvents. 
Conversely, thermomechanical processing, which aligns better with in-
dustrial practices and involves minimal solvent usage, holds greater 
promise, although there have been limited reports in this area 
[129–132]. This paves the way for the wider adoption of alginate-based 
materials. 

Last but not the least, there is a pressing need for further research in 
this field to harness alginate as a valuable blue carbon resource cost- 
effectively, while also achieving defined chemical structures and 
molar mass, aligning with application requirements and reducing 
environmental impact. 

CRediT authorship contribution statement 

Chengcheng Gao: Conceptualization, Visualization, Writing – 
original draft. Luc Avérous: Conceptualization, Funding acquisition, 
Project administration, Supervision, Validation, Writing – original draft, 
Writing – review & editing. Fengwei Xie: Conceptualization, Visuali-
zation, Validation, Writing – review & editing. 

Declaration of Competing Interest 

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests: 
Luc Averous reports financial support and article publishing charges 
were provided by the University of Strasbourg. If there are other au-
thors, they declare that they have no known competing financial 

F. Xie et al.                                                                                                                                                                                                                                       



Materials Science & Engineering R 159 (2024) 100799

26

interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data Availability 

No data was used for the research described in the article. 

Acknowledgement 

This work has received funding from ANR (Agence Nationale de la 
Recherche –France). Project N◦ ANR-13-ECOT-0004 (CHWWEPS). 

References 

[1] P. Gacesa, Carbohydr. Polym. 8 (1988) 161–182. 
[2] J.-W. Rhim, LWT - Food Sci. Technol. 37 (2004) 323–330. 
[3] Z. Wysokinska, Fibres Text. East. Eur. 18 (2010) 7–13. 
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