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Anthocyanins are a specific group of molecules found in nature that have recently received increasing attention due to

their interesting biological and colorimetric properties that have been successfully applied in several fields such as food

preservation and biomedicine. Meanwhile, the incorporation of anthocyanins into polymeric systems has become an

interesting strategy to widen the applicability of these molecules and develop new smart and functional polymers in the

above-cited areas. 
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1. Introduction

Anthocyanins are non-toxic flavonoids pigments that are widely distributed in nature, offering attractive colors to the flower

petals and fruits of some plants, such as bright orange, pink, scarlet, red, mauve, violet and blue. The term “anthocyanin”

comes from the Greek words anthos (“flower”) and kyanos (“blue”), which was originally used to describe the blue pigment

in cornflowers. Anthocyanins are positively charged plant-derived molecules classified as the largest group of water-

soluble pigments. They can be found accumulated in the vacuoles of epidermal or subepidermal cells in plant organs such

as roots and leaves . They are present in fruits such as blueberries, strawberries, bananas, apples, blackberries, and

grapes, to name a few, as well as in vegetables like purple cabbage, red onions, and eggplants .

These compounds belong to the flavonoid family. Flavonoids are crucial for plant development and proper functioning due

to their role in attracting animals for oviposition and protecting against UV light or infections by phytopathogenic

organisms . In addition, flavonoids present remarkable properties related to human health, including antioxidant, anti-

inflammatory, antidiabetic, chemopreventive, and antimutagenic properties, among others . Consequently, their ongoing

consumption is regarded as a beneficial health promotion practice and a preventive measure against numerous diseases.

However, anthocyanins face a challenge in terms of absorption by the human body. The body rapidly metabolizes and

excretes anthocyanins, reducing their beneficial activity . Beyond their low bioavailability, anthocyanins also have low

stability and are highly sensitive to external factors, making them susceptible to decomposition .

Within anthocyanins’ characteristics, they are known to be water- and alcohol-soluble organic compounds that have a

three-ring heteroaromatic polyphenolic skeleton. Anthocyanins are glycosylated analogues, mainly at the C3 position, of

anthocyanidins, both based on the 2-phenyl-benzopyrilium chromophore structure (flavylium ion in Figure 1), which

shows an extended π conjugation, as well as the presence of a positive charge and several free -OH groups. These

characteristics allow anthocyanins to absorb light in the visible region, which generates a great variety of dye colors,

making them one of the most important natural pigments besides chlorophyll.

Figure 1. (a) Flavylium ion structure; (b) common numbering of flavylium ion.
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Anthocyanidins possess an almost planar chemical structure characterized by variations in the number and positioning of

hydroxyl groups and/or methoxy groups. These structural differences play a crucial role in determining the natural

availability of a diverse array of anthocyanins and anthocyanidins . Anthocyanidin glycosides are 3-monoglucosides and

3,5-diglucosides, consisting of the most common sugar, glucose; however, rhamnose, xylose, galactose arabinose, and

rutinose can also appear .

Depending on conditions such as temperature, light, solvent, metal ions, and mainly pH, anthocyanins undergo structural

modifications accompanied by photophysical and chemical changes. In fact, different proton concentrations can lead

these molecules to hydrated open ring or quinoidal forms . Anthocyanins are very stable at acidic pHs, but as the pH

approaches neutral, their stability dramatically decreases, leading to complete degradation at pHs above 7. The kinetics of

these changes is one of the main factors that determines the final color of these compounds .

Generally, a molecule with more -OH groups generates a more intense blue color, while in those with -OR groups, the

coloration turns red. As for the glycosyl substituents, their presence decreases the coplanarity of the B-ring, so they tend

to be less stable, and the coloration is usually not as intense.

If, in addition to sugar, there is an acyl radical in the molecule, they are called acylated anthocyanins. An increase in

glucosidic substitution and acylation with cinnamic acids allows them to be more stable and retain their characteristic color

at alkaline pHs .

Anthocyanins have received increasing attention from researchers in recent years mainly due to their importance in two

main application sectors: the food industry and healthcare. Regarding food technology, the utility of anthocyanins extends

beyond their role as a natural colorant to enhance the organoleptic properties of food. Their inherently reactive nature has

led to their consideration as colorimetric indicators for assessing food quality in advanced smart food packaging

technologies. Regarding healthcare and pharmaceutical applications, a large amount of highly interesting health-

promoting effects of anthocyanins have been revealed in the last decade. Thus, the nutraceutical effect of the anthocyanin

or anthocyanin-rich food intake has attracted research interest. However, their low stability and bioavailability hinder an

efficient effect of anthocyanins in the human body. Consequently, research efforts have focused on the development of

strategies to improve their stability, bioavailability, and color preservation. Among these strategies, encapsulation has

become the most effective and explored one. Encapsulation is based on the development of a protective coverage of

anthocyanins, which, in addition to improving their stability and bioavailability, could also provide advanced properties or

performance (like selective or controlled release).

Accordingly, there exists a real need for immobilizing anthocyanins within appropriate substrates that fulfill the wide range

of physical and chemical requirements specified for the mentioned applications. Among these substrate systems,

polymers are versatile materials that show unique properties in a wide range of forms, like films, emulsions, hydrogels,

mats, and nanoparticles, among others, that are of great interest in the food-packaging and healthcare sectors. In the light

of this combination, the incorporation of anthocyanins within polymeric matrices has proliferated in recent years as a

promising approach to utilize the synergistically positive properties of both substrates and active agents.

2. Anthocyanin-Loaded Polymers: Preparation and Characterization
Methods

2.1. Films

Anthocyanin-loaded polymer films are obtained mainly by solution casting, a simple and cheap technique that uses

aqueous solutions or organic solvents to dissolve anthocyanins as the active agent and polymers as the substrate for

immobilization . In brief, polymer/s, plasticizer, and an anthocyanin extract are sequentially dissolved in solution at

temperatures lower than 80 °C for a short period of time to minimize the degradation of the anthocyanins. Finally, the

obtained solution is incubated onto flat Petri dishes at ~25–40 °C for 24–48 h. Other more sophisticated and expensive

techniques have also been reported to fabricate anthocyanin films, such as electrospinning and layer-by-layer and 3D

printing . Chitosan, cellulose, starch, zein, gelatin, pectin, agarose, xanthan gum, and combinations of these have been

the most commonly employed polymer systems for the development of anthocyanin-loaded films. Glycerol and sorbitol

are the most popular plasticizers used in anthocyanin-based films .

Regarding films for monitoring food spoilage, it has been shown that combining polymers improves the physical properties

of the material. For example, Nadi et al.  showed that combining basil seed gum with chitosan and adding red cabbage

extract as a colorimetric indicator improves properties such as solubility, water vapor permeability, and flexibility in the

material.
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The incorporation of anthocyanins into films can modify the technological and functional properties of the film. These

changes depend on the physical or chemical interactions between the film-forming polymer and the anthocyanin extract,

which can lead to structural modifications. The interaction between biopolymers and anthocyanin-rich extracts depends on

the nature, chemical characteristics, and concentration of both the polymer and extract, as well as the structural properties

of the active components. The addition of anthocyanin-rich extracts can influence the thickness, color, opacity, solubility,

water vapor permeability, and mechanical properties of the films . Thickness is typically analyzed because, in most

cases, it is modified and, since it hinders the penetration of water, it is a key parameter to take into consideration .

2.2. Mats and Fibers

It is known that nanofibrous mats have a high surface-to-volume ratio, small pore size, and high porosity compared to

polymer films, which makes electrospun nanofibrous mats very attractive materials for the manufacture of substrates for

the immobilization of anthocyanins .

The electrospinning process involves the application of an electric field to create fine polymer fibers from a solution

containing anthocyanins. Anthocyanins can decrease the conductivity of the polymer solution, and consequently, as Jiang

et al.  observed by SEM microscopy, heterogeneous fibers are formed.

Anthocyanin nanofiber mats made by electrospinning are used as tools in the field of active/smart packaging where they

have been studied to improve their stability, simplify the slow and controlled release of antimicrobial and antioxidant

substances , and as spoilage sensors . When it comes to healthcare applications, nanofibrous mats of anthocyanins

have found their major application as smart wound dressings that can monitor the wound healing process .

2.3. Hydrogels

Hydrogels have been widely used as a method of encapsulating water-soluble active ingredients. The thermo-degradation

and stability against sudden pH changes of anthocyanins could be inhibited by encapsulating them within hydrogel

systems. This has been demonstrated in the process of simulated digestion and may be very useful in the prevention of

intestinal diseases .

Recent research has demonstrated the versatility of these materials that allow the easy incorporation of multiple active

agents. For instance, Lotfinia et al.  combined alginate in the form of a hydrogel with honey and red cabbage extract,

and could observe improved mechanical properties, the antibacterial activity attributed to the honey, as well as the

antioxidant properties and good activity against pH changes from the red cabbage.

Polysaccharides have been traditionally employed in anthocyanin hydrogel preparations due to the simplicity of their

corresponding gelation process. This is the case for alginate, which forms cold gels through Ca -induced cross-linking

, or starch , another widely used material for these gel-based encapsulation systems.

2.4. Polyelectrolyte Complexes

Polyelectrolytes are macromolecular materials that possess repeating units and dissociate into highly charged polymeric

molecules in aqueous solution, forming either positively or negatively charged polymeric chains . There are numerous

compounds that can serve as biopolyelectrolytes such as proteins, polysaccharides, and their derivatives.

Biopolyelectrolyte complexes can be formed by the titration of a biopolyelectrolyte solution in another biopolyelectrolyte

solution with the opposite charge under agitation. Among the advantages of this methodology are the simplicity,

quickness, and the fact that it does not require high energy, chemical crosslinkers, specialized equipment, or organic

solvents. An advantage of these materials is that polymeric chains can generate dense interconnecting networks, which is

useful for inhibiting the penetration of polar reactive compounds and the attack on charged anthocyanins .

2.5. Nanoparticles

As in the general case of polymeric nanoparticle preparations, the methods commonly used for the preparation of

anthocyanin nanocarriers can be classified as the emulsification cross-linking method, ionic cross-linking method,

covalent cross-linking method, and self-assembly methods.

The emulsification crosslinking method is a widely used method. A carrier particle is usually large (tens to hundreds of

microns) with a highly homogeneous particle distribution. Anthocyanin nanoparticles are divided into ionically crosslinked

and covalently crosslinked depending on the crosslinking method. Covalently cross-linked carriers are more stable.

Studies have shown that the type of polymer employed has a relevant effect on the crosslinking efficiency.
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Ionic nanoparticles could be easily formulated through complexation of two different charged biopolymers in diluted

solutions. Biopolymers such as alginate, chitosan, whey, and soy protein are commonly extruded as a carrier solution

through a needle or nozzle into a gelation solution containing the specified ions. This is a mild process that has shown a

high encapsulation efficiency and effective protection of anthocyanins under gastric conditions .

2.6. Emulsions

Emulsion-based systems are intended to overcome the low stability and bioavailability of anthocyanins. Among the most

used systems are nanoemulsions and microemulsions that have been studied in vivo and in vitro as anthocyanin delivery

systems .

Nanoemulsions are colloidal dispersions formed by droplets of a liquid dispersed in another liquid that, despite being

immiscible, can be stabilized with a surfactant layer. In nanoemulsions, particles showing sizes from 20 to 500 nm can

avoid emulsification, flocculation, or precipitation during storage . Some of the benefits of nanoemulsions are the

control of the release rate and the avoidance of decomposition or degradation of the encapsulated anthocyanins .

Microemulsions are mainly composed of water, oil, surfactants, and cosurfactants, and have better flowability, more

uniform particle dispersion, and stronger stability than emulsions. Microemulsion particles have sizes between 10 and 100

nm, which can provide stable and uniformly dispersed systems , which are useful properties for improving the

absorption and bioavailability of anthocyanins and enable easy and multiple routes of administration .

There are several studies that report the development of nanoemulsions and microemulsions with extracts from different

sources of anthocyanins, such as mangosteen peel, Brazilian berry, purple sweet potato, cranberry, red cabbage,

blueberry, and jaboticaba peel, among others, showing nanoparticles that are stable for long periods of time, ranging from

30 days to 3 months .

2.7. Self-Assembled Liposomes, Proteins, Peptides, and Phospholipids

Today, liposomes, phospholipids, and proteins are used as anthocyanin nanocarriers and are formed by direct self-

assembly. Proteins, as was commented above, have the drawback of being very sensitive to pH changes or temperature.

Liposomes also have low stability and their phospholipids are prone to oxidation during long-term storage. Phospholipids

have a lot of benefits including the ability to protect sensitive ingredients, increase the bioavailability of nutrients and the

efficacy of food additives, and confine undesirable flavors .

Amphiphilic peptides with a hydrophobic tail and a hydrophilic head are also used in molecular self-assembly. These

amphiphilic peptides have good biocompatibility, biodegradable self-assembly, and chemical variability, which leads to a

variety of nanostructures. Indeed, the addition of peptides to foods containing anthocyanins is recognized as the simplest

way to improve the color stability of anthocyanins .

2.8. Microencapsulates

Microencapsulation consists of the incorporation of the active agent within the encapsulants by noncovalent interactions

formed during a mixing process that can include additional coating layers . The final drying step generally takes place

by a freeze-drying or spray-drying methodology. Microencapsulation is an alternative to keep the properties of the

anthocyanins intact and offer food processors a means of protecting sensitive food components .

However, during the spray drying process, some heat-sensitive anthocyanins may lose their activity or degrade and, as a

consequence of the rapid dehydration, they may change their crystal structure. Consequently, freeze-drying is often

preferred to mitigate these potential issues and preserve the integrity of the anthocyanins .

Microencapsulation allows the encapsulation of anthocyanins within a wide variety of encapsulating agents, such as

polysaccharides, starches, inulin, maltodextrin or dextrose, corn syrups, arabic gum, mesquite gum, lipids, and proteins

.

2.9. Specific Characterization of Anthocyanin-Loaded Polymer

The characterization of anthocyanin-loaded polymers is crucial for understanding their structure and properties. Several

techniques are used to obtain significant information on these materials.

UV-Vis spectroscopy is used to analyze the absorption spectra of these materials, providing information about their

specific composition, color, stability, and optimum absorption range .
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FTIR-ATR is also a useful technique because it provides information regarding the interactions between the anthocyanin

and the polymer matrix. The main changes are reported in two regions, between 1500 and 1600 cm , corresponding to

the C=C bonds, and around 3200 cm , corresponding to the vibrations of the C-H bonds. In both cases, if the signals are

shifted and/or widened, it confirms the immobilization of the anthocyanins in the polymer due the formation of strong

interactions with the polymers .

Using Thermo-Gravimetric Analysis (TGA), several studies have shown that the addition of anthocyanins to polymeric

matrices or the encapsulation of anthocyanins in a polymer provides greater stability with respect to pure compounds 

.

3. Anthocyanin-Based Polymers for Healthcare Applications

Owing to the vibrant and diverse color spectrum of anthocyanins, they have found multiple applications as natural dyes in

various healthcare-related fields. These natural compounds present an intriguing potential as safe and biocompatible

alternatives to synthetic dyes. Due to their ability to exhibit color shifts under different conditions, their potential use as

biosensors has garnered attention in recent years. In addition, anthocyanins show excellent antioxidant and anti-

inflammatory effects as well as potential in the prevention of cancer, neurodegenerative diseases, and diabetes, making

them very interesting natural bioactive compounds. However, their limited bioavailability remains as one of the main

disadvantages for this family of compounds. Therefore, the development of systems to increase the bioavailability and,

consequently, the efficacy of anthocyanins is desirable.

3.1. Biosensors

Anthocyanins exhibit changes in their chemical structure in response to varying hydrogen ion concentrations. This

characteristic has garnered extensive attention for utilizing anthocyanin pigments as key components in biocompatible pH

sensors. Riaz et al.  studied the use of anthocyanins on contact lenses to monitor the ocular pH, a crucial parameter in

evaluating ocular health post-eye surgery in conditions like keratoconjunctivitis and ocular rosacea. For this purpose,

commercially available lacreon and lacreon-free contact lenses were functionalized with the anthocyanins obtained from

Brassica oleracea by soaking and drop casting methods. The lacreon contact lenses demonstrated enhanced and

uniformly distributed coloration that was noticeable to the naked eye within the physiological pH range of 6.5 and 7.5.

Similarly, Alsahag et al.  developed an economical, reversible, eco-friendly wound dressing based on anthocyanins in

order to monitor wound healing progress. This innovative bioassay detected pH changes in a simulated wound solution,

which were indicated by shifts in color. They employed anthocyanins sourced from Brassica oleracea and L. var capitate

that were integrated onto a carboxymethyl cellulose/polyvinyl alcohol composite. The comfort and durability of these

composites were confirmed through favorable colorfastness, air permeability, and bend length. In terms of biological

properties, these composites exhibited non-cytotoxic effects and enhanced antimicrobial properties. This colorimetric

assay offers an affordable, used-friendly sensor for monitoring wound healing progress. In contrast to prior electric-based

sensing tools requiring complex equipment, this chromogenic sensor enables onsite wound pH measurements without

intricate procedures.

Another example of anthocyanin-based materials used as biosensors was reported by Al-Qahtani et al. . They

encapsulated both natural anthocyanin and urease enzyme in a calcium alginate biopolymer, which were then

immobilized within the fabric. The resulting bio-chromic sensor offered quick responses with a detection limit of 300–1000

ppm for urea. This innovative reversible sensor employs urease to convert urea to ammonia, allowing for easy urea

detection via the encapsulated anthocyanin pH indicator from red cabbage. This method provides an efficient, eco-

friendly, and selective colorimetric approach for measuring urea leve

3.2. Nanoencapsulated Delivery Systems

Taking into account the inherent toxicity associated with numerous synthetic drug compounds, the discovery and

development of novel and efficient bioactive natural compounds like anthocyanins is highly desirable. However, since

these natural phytochemicals are remarkably sensitive to external environmental factors, resulting in a notably brief half-

life, as has been described above, the development of innovative delivery systems that can provide stability to

anthocyanins without compromising their bioactivity is crucial. Indeed, it is essential to achieve kinetic and thermodynamic

stability while simultaneously enhancing solubility and improving bioavailability .

Among the diverse array of alternatives explored, encapsulation has garnered substantial attention in recent decades,

showcasing immense potential in various sectors, including the pharmaceutical and nutraceutical industries .
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Furthermore, nanoencapsulation strategies exhibit interactions, such as Van der Waals forces, hydrophobic interactions,

and hydrogen bonding, between nanocarriers and natural compounds like anthocyanins, ensuring enhanced material

stability and increased bioavailability. Indeed, these advantages endow nanomaterials with the remarkable ability to easily

traverse the blood–brain barrier, thereby magnifying the therapeutic potential of the encapsulated molecules .

Owing to the defined chemical structure, synthetic polymers offer control over their physical and chemical properties

compared to natural polymers. Conversely, bio-based polymeric nanoencapsulations offer key advantages for use in

biomedical applications as they present remarkable biocompatibility across a wide range of concentrations and are often

cost-effective . In nanomedicine, these polymers predominantly fall into two subcategories: polysaccharides and

proteins. It is important to highlight that certain polysaccharides are commonly used alongside anthocyanins due to their

inherent charged form. This ionization enables effective interaction with oppositely charged phospholipids, effectively

preventing phospholipid hydrolysis under acidic pH conditions or in the presence of enzymes. Chitosan and pectin stand

out among these polysaccharides as the most commonly used due to their non-toxic, eco-friendly, biodegradable nature

and their high biocompatibility. Apart from these inherent advantages, they demonstrate considerable potential as an

efficient drug delivery system, particularly for targeting the colon. For instance, Zhao et al.  studied the activity of

anthocyanins encapsulated in pectin and chitosan and the controlled release from these nanoparticles, demonstrating

enhanced protection for normal rat kidney cells against acrylamide-induced damage. Additionally, they decrease reactive

oxygen species as well as matrix metalloproteinases and glutathione levels, providing protection to normal human

hepatocyte L02 cells against palmitic acid-induced damage. Nevertheless, it has to be noted that chitosan dissolves only

in certain dilute acidic conditions.

Another promising polysaccharide explored for the encapsulation of anthocyanins is chondroitin sulfate. Jeong et al. 

reported the synthesis of black soybean anthocyanins loaded at different concentrations onto chondroitin sulfate

polysaccharides in order to improve the structural stability of this natural antioxidant. When compared to anthocyanins

alone, these nanoparticle complexes demonstrated superior inhibition in human cervical cancer HeLa cells. Additionally,

Liang et al.  demonstrated that the combination of chondroitin sulfate and chitosan with loaded black rice anthocyanins

induced apoptosis of human HCT-116 colon cancer cells by providing negative charges to the mitochondria. The results

show that the addition of anthocyanin exhibited a noteworthy reduction in cell viability, which altered the mitochondrial

structure and, consequently, increased apoptosis of cells.

Hyaluronic acid (HA) stands out as another promising natural polysaccharide that has demonstrated enhanced

bioavailability and efficacy in encapsulating anthocyanins. In a study conducted by Liu et al. , a black rice anthocyanin-

loaded HA nanocarrier was developed to reduce xanthine oxidase (XO) activity, a crucial enzyme involved in the

generation of reactive oxygen species and the production of uric acid. In a simulated in vitro analysis, the anthocyanin-

embedded HA nanocomplex exhibited a rapid release within the first 12 h, which was maintained consistently until

reaching 60% release after 60 h, marking a 54 h difference compared to the non-embedded anthocyanin release system.

These results indicate that sustained release could reduce the degradation of active compounds, thereby potentially

improving the bioavailability of anthocyanins.

Another polysaccharide example was described by Hanafy et al. . They developed a nanoparticle hydrogel platform

based on starch corn, a natural polymer that has garnered attention in recent years. The anthocyanin-loaded starch

hydrogel demonstrated promising therapeutic potential in eliminating glycogen from cardiac tissues, overcoming

cardiomyopathy, and reducing malondialdehyde levels and collagen fibers. These findings highlights the significance of

using biodegradable nanocarriers for encapsulating anthocyanins, showcasing their potential application across various

biomedical fields.

On the other hand, much like other drug and active compounds, synthetic polymers have been found to be an excellent

approach for the encapsulation of anthocyanins. These polymers offer versatility and enable precise control over the

mechanical properties of the material. Among the synthetic polymers, polyesters have been extensively employed in

anthocyanin delivery systems. For instance, biodegradable poly(lactic-co-glycolic acid) acid (PLGA) has been used to

coat anthocyanins such as pelagonidin, resulting in improved protection against mitochondrial dysfunction .
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