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Abstract 

Biopolymeric chitosan is considered a promising encapsulating agent for textile applications due to 

its biocompatibility, lack of toxicity, antibacterial activity, high availability, and low cost. After 

cellulose, it is nature's most important organic compound. Also, chitosan has unique chemical 

properties due to its cationic charge in solution. Microencapsulation technologies play an important 

role in protecting the trapped material and in the durability of the effect, controlling the release rate. 

The application of chitosan microcapsules in textiles follows the current interest of industries in 

functionalization technologies that give different properties to products, such as aroma finish, insect 

repellency, antimicrobial activity, and thermal comfort. In this sense, methods of coacervation, ionic 

gelation, and LBL are presented for the production of chitosan-based microcapsules and methods of 

textile finishing that incorporate them are presented, bath exhaustion, filling, dry drying cure, 

spraying, immersion and grafting chemical. Finally, current trends in the textile market are identified 

and guidance on future developments. 

1 Introduction 

Bio-based polymers have emerged as a potent solution to replace petroleum-based polymeric 

materials and reduce dependence on the crude oil reserve. Besides, many of the existing bio-based 

polymers can be biodegradable; in particular, natural bio-based polymers, among which there are the 

polysaccharides. 



Polysaccharides are highly available and have a low cost, in addition to having excellent 

properties, such as biodegradability, non-toxicity, and good biocompatibility. There is a diversity of 

polysaccharides, widely used in different areas of knowledge, being cellulose and chitosan the most 

common on earth1. 

Chitosan, fully or partially deacetylated form of chitin deriving of organisms such as fungi, 

crustaceans and wasp (Black Soldier Fly - Hermetia illucens), has the advantages of to be a non-

toxic, rich and wide variety of sources, low cost, easy film formation, good biocompatibility and 

enzymatically biodegradable2,3,4. In addition, many studies seek to improve its solubility and 

antimicrobial capacity (quaternization and carboxylation) through changes in the structure and 

addition of compounds to it, maintaining its original biodegradability and biosafety, causing the 

amount of research to only increase. 

Much attention also has been given for the use of chitosan as polymer shell of the 

microcapsules and also as matrices, conform de Arruda et al. these matrices present features that can 

be used in the delivery of bioactive compounds, for example5. As shell can be application on textile 

substrates. Textile fibers are mostly anionic and chitosan for being the only cationic polymer already 

has an ionic affinity. 

In general, the microcapsule consists of a functional barrier between the core (solids, liquids 

or gasses compounds, or a mixture of these) and the wall material to avoid chemical and physical 

reactions and to maintain the biological, functional, and physicochemical properties of the core 

materials. Today, there are many kinds of microencapsulation processes: emulsification, spray-

drying, coaxial electrospray system, freeze-drying, coacervation, in situ polymerization, extrusion, 

fluidized-bed-coating, and supercritical fluid technology. 

There is a lot of research working with this theme, due, among other reasons, 

microencapsulation technique versatility to be applied in a wide range of fields. Some areas that it 

was detected the microcapsule using: perfume, cosmetic and personal care6,7,8,9, food10,11, 

pharmaceutical and medicinal treatment12,13, pest and insect repellency14,15, environmental 

recovery15,16, construction17 and textile18. 

Textile materials have permeated areas beyond the traditional use for dressing people and 

homes. The cited studies can be adjusted to incorporate chitosan microcapsules to textiles to provide 

special characteristics as extra protection in adverse environmental, comfort, specific resistances, 

beauty, etc. The new attributes change the performance, demands of consumers, and expand the 

industrial competitiveness. There are many manners to convert normal textile into one with 

functional proprieties, the advances in polymer science support the increment of the use of coatings. 



In this context, microencapsulation is a commercially successful technology for functional textile 

coatings, mainly for drug delivery19, as well as in uses in civil construction, containment of barriers, 

hospitals, as a carrier for cosmetics, etc.  

The active principle or core of the capsule is the substance that wishes to encapsulate. 

Generally, the active compounds are chemically unstable and susceptible to degradation, particularly 

when exposed to oxygen, light, moisture, heat and pH variations20 or it has some particular features, 

as fast release, low solubility, poor bioavailability, high volatility, some toxicity21 that is interesting 

to change in the medium. Some examples of active of ingredients, bioactive (plants or 

microorganisms) or drugs compounds are: carvacrol, eugenol, limonene (Zanthoxylum limonene), 

lavender oil, oregano, peppermint oil, anise oil, clove oil, pepper, camphor, fennele (Foeniculum 

vulgare), alecrim oil (Rosmarinus officinallis), cinnamaldehyde (Cinnamomum cassia), green tea, α-

pirene, neem seed, patchouli oil, vanillin, n-eicosane, resveratrol, paraffin oil, rose frangrance, Senna 

auriculata, Achyranthes áspera, jojoba, linseed, orange oil, silver, zinc, Mentha piperita, grape fruit 

seed oil, Penta herb, Phello dendri, palm oil, Rhizoma atractylodis, citronella oil, dexamethasone 

phosphate sodium, miconazolle nitrate, pyrazole, aspirin, acetaminophen, etc. 

The shell material of capsules can be formulated by using a wide variety of materials 

including natural and synthetic polymers, depending on the chemical characteristics and intended use 

of the core, the conditions under which the product is stored, and the processing conditions, which 

the microcapsules are exposed, as well as their cost and availability22.  The shell is the most effective 

approach to improve stability is to form a barrier between the active principle and the external 

environment. Then, the wall, shell, or encapsulating agent, of the microcapsule, in addition to the 

structuring function, serves to protect and isolate the compound from the external environment. It is 

desirable that the shall material has no reactivity with the active ingredient, be inexpensive, and show 

consistent properties during storage. Depending on the kind of wall material and its inherent 

characteristics, the compound is released from the wall material via various mechanisms such as 

swelling, dissolution, or degradation. Depending on the rate of these mechanisms, release can occur 

over various periods. Different materials can be selected from synthetic or natural polymers, as 

waxes and lipids, proteins, carbohydrates, gums, and other polymers classes. The choice of wall 

materials depends upon several factors including expected product objectives and requirements; 

nature of the core material; the process of encapsulation; economics and whether the coating material 

appropriated for de use23. 

Crosslinkers are compounds applied to improve the physical properties and stability of the 

microcapsules and efficiency of encapsulation20,24. However, crosslinkers are also used for the 



connection of the microcapsules with the textile substrate. Some cross-linking agents used for 

microcapsules are; Tripolyphosphate (TPP), glutaraldehyde, genipin, transglutaminase, tannic acid, 

urea, etc.25, and for the connection between the capsules and the textile, citric acid and 1, 2, 3, 4 - 

Butanetetracarboxylic are employed26,27,8,29. 

Finally, there are surfactants widely used in the preparation of microcapsules that present 

amphiphilic behavior, which are Tween (8, 20, 40 and 80), Span (20, 80 and 85), SDS, polyvinyl 

alcohol (PVA), polyglycerol polyricinoleate (PGPN), lutensol, etc. In the system, surfactants, when 

used, produce micelles, which are supramolecular arrangements possessing a hydrophobic central 

core and a hydrophilic crown. The entropy reduction with thermodynamically unfavorable 

interactions between the lipophilic surfactant tails and water molecules causes the self-assembly in 

larger molecular organizations when the surfactant concentration exceeds the “critical micelle 

concentration”21. The surfactant can control the particle size and agglomeration30, also it helps to 

reduce molecular interactions of chemical groups in the particle surface (van der Waals, hydrogen 

bonding or hydrophobic interactions) 31. 

In the sequence of construction of the articles, it is presented a series of capsule formation 

processes. The processes most commonly presented in the literature are complex coacervation, ionic 

gelation, layer-by-layer, emulsification,  spray drying, etc.32,33,34,35,36. 

Once the active ingredient is encapsulated, it is necessary to characterize the microcapsule. 

The analyzes that are performed refer to the material of the wall and the nucleus of the microcapsule, 

these analyzes are: particle size, morphology, scanning electron microscopy, Fourier transform 

infrared spectroscopy, surface property, zeta potential, differential scanning calorimetry, 

permeability, transmission electron microscopy, viscosity, etc. with the purpose of determining 

particle size and morphology, state of aggregation of molecules, surface isoelectric points, functional 

groups, thermal stability, among others. 

And the last step is how to apply to the textile substrate. The most popular methods of 

application are bath exhaustion, padding, pad-dry-curing, spraying, dipping and chemical grafting, 

etc. Regarding the textile application of microcapsules, there are many purposes for them, for 

example, antimicrobial, antioxidant, UV-protection, insect repellent, cosmetic, medical, thermal 

regulation, etc. 

Given this complex scenario of production and textile application of microcapsules with core, 

the purpose of this review is to explain in detail the items (reagents, encapsulation processes, 

characterization, textile application, and market) that are more presented in scientific articles, from of 

the reagents to produce the microcapsules until the application of these in textile and market trends of 



these new products. To present the role of chemical structures in the formation of microcapsules, the 

reaction mechanisms involved in the formation of microcapsules and thereby understand the 

properties and behaviors of microcapsules by the analyzes that are carried out and directing the 

application through this result. In addition, directions on future developments are provided. 

The motivation this review is associated to the fact that the textile area has been showing 

thriving with the uses of fibrous material in its different structures functionalized to specific 

applications, mainly antimicrobial activity for control of the possible pandemic agent. In the same 

sense, chitosan has been referred with as promise compound (Fig. 1), because it is a cationic 

biopolymer, and as such has intrinsic antimicrobial activity, besides others potentialities like 

antioxidant, antitumor, hemostatic, immune adjuvant, accelerate osteoblast formation of bones, with 

an effective drug delivery agent25. These proprieties improves other possibilities of functionalization 

with the inclusion of particular actives compounds. Furthermore, chitosan is a family of compounds 

with a wide variety of molecular masses and different acetylation degree and solubilities, that makes 

it as a versatile shell polymer with interesting interactions with others compounds of the 

microcapsule and textile material. Then, this review brings together both important themes 

comprehensively and provide for readership all aspects to understand the Chitosan microcapsule uses 

and its behaviour of formation and release toward the composition.   

 

1.1 Number of publications found in the database using the words chitosan, microcapsule and textile 

 

The relevance of the items about chitosan presented in this review is associated with the 

number of times it appears in the SCOPUS database. The areas that more appears in the SCOPUS 

when terms microcapsule and chitosan are combined and used as the topic of a search are: 

Chemistry, Materials Science, Chemical Engineering, Engineering, Pharmacology, Agricultural, and 

Biological Sciences, Medicine, Environmental Science, etc. Fig. 1 shows the numbers of the paper 

(SCOPUS database) and patents (DERWENT INNOVATIONS INDEX database) published since 

1988 when it was the first paper with chitosan-alginate microcapsules37. 

For this period, when these same terms are combined, almost 1200 research papers were 

reported by SCOPUS and almost 1900 patents by DERWENT, and this number is continuously 

rising. All data were downloaded in 2020. Aditi et al. presented 15 patents related to microcapsule in 

the United States in his publication38. 



For the best understanding of the papers is important to discuss these steps, considering those 

that appear most in the works. In the reagent item, the active and encapsulating agent, crosslinkers 

and surfactants are very important and are presented. 

 

 
Fig. 1 Number of publications of papers and patents related to microcapsule and chitosan as a topic 

search in the Scopus database. (font: autor) 

 

In most of these articles, they usually present in their structure the compounds, production 

methods, and purpose of chitosan microcapsules. Only about 10% present the methods of application 

in textile substrates (finishing methods) and the finality of functionalized material. 

 

2 Reagents most used in the chitosan encapsulation process and their purposes 
  

a) Encapsulating agents  

 The choice of an encapsulating agent must take into account several factors, such as 

processing, physicochemical properties of the substance to be encapsulated, and of the encapsulating 

agent, as well as the compatibility between them. These aspects, in turn, will influence the 

encapsulation efficiency, permeability, release rate, stability, and size of the microcapsule. 

Depending on the desired characteristics of the final product and the core material, different synthetic 
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and natural materials can be selected as an encapsulating agent 39. Also, the encapsulation must 

prevent its degradation and reduction of the biological potential40. 

 Chitosan has been widely used as an encapsulating agent for several applications, such as 

food processing, biomedical and pharmaceutical, wastewater treatments, and textiles, alone or in 

combination with other polysaccharides or proteins (conform Table 1) to improve the shell 

properties.  

Relevant properties of chitosan and the main polymers usually associated with it for the production 

of microcapsules are detailed below.  

 

Chitosan (CH)  

 Chitosan is biocompatible, biodegradable, non-toxic for mammalian cells, has antimicrobial 

activity, and versatile chemical and physical properties, which are promising for textile 

functionalization. Also, chitosan has been approved by the U.S. Federal Drug Administration (FDA) 

as safe (GRAS, Generally Recognized as Safe) for tissue engineering, drug delivery, wound dressing, 

dietary use, and plant protection applications. 

 Chitosan is a linear polysaccharide that is derived from partial deacetylation of naturally 

occurring chitin. It is sourced mainly from the exoskeleton of crustacean, like shrimps and crabs, and 

the cell walls of certain fungi 1. It has a unique structure (Fig. 2) composed of D-glucosamine and N-

acetyl-D-glucosamine units linked by β-(1–4) glycosidic bonds 41.  

 Chitin and chitosan can be differentiating by the degree of deacetylation (DD), which 

determines the content of acetylated and free amino groups in the polysaccharide. Therefore, the 

degree of deacetylation of chitosan highly influences its physical, chemical, and biological properties 

and is one of the most important factors in assessing its applications42.  The process of 

deacetylation involves the removal of the acetyl group from the molecular chain of chitin with 

sodium hydroxide or potassium hydroxide at high temperatures. For Muzzarelli biological 

performances of the chitins and chitosans depend on the degree of acetylation, the degree of 

crystallinity, the average molecular weight and its polydispersity, among other parameters43. Due to 

the semi-crystalline characteristic of chitin, the accessibility to reactive sites contained in the 

crystalline domain is hindered, resulting in incomplete and heterogeneous deacetylation of the 

chains44. Chitin with a DD above 60% is referred to as chitosan45. Commercial chitosan has usually 

DD of 70 to 95 % 42.  

 Molecular weight (MW) of chitosan usually ranges from about 10,000 to 1 million Dalton 

and is another very important parameter for properties such as solubility, degradation, and 



crystallinity44 . According to LÓPEZ et al.46, chitosan with low molecular weight spreads to tissues 

more quickly. MW of chitosan is influenced by the deacetylation variable process including time, 

temperature, concentration, and the relation of alkali/chitin used in the reaction45,44.  

 In terms of solubility, chitosan is readily soluble in dilute acidic solutions below its pKa (pH 

6 - 6.5, depending on DD and MW) by protonation of free amino groups on its backbone. The 

solvent most used to solubilize chitosan is 1 % acetic acid. To a lesser extent, formic acid, l-

glutaminic acid, lactic acid, and succinic acid have also been reported for solubilization. RAZA et al. 
25 resumed the physical properties of chitosan:  soluble in dilute aqueous acids, insoluble in water 

and organic solvents; white color, odorless; melting point depends on molecular weight (~ 290 °C). 

 The polycationic nature in acid media represents the basis of the versatility of chitosan for 

several applications. It allows its chemical modification by covalent attachment of various chemical 

groups, the association with anionic polymers forming polyelectrolyte complexes, and imparts good 

biological and mucoadhesive properties47. This chemical feature of chitosan is also responsible for 

its antimicrobial activity against a wide range of microorganisms, reported in several studies. The 

most accepted mechanism for this activity is based on the interaction of the positively charged 

chitosan with the negatively charged residues at the cell surface of microorganisms, alternating 

metabolism, and cell permeability45. This antimicrobial activity is strongly affected by its structural 

characteristics, such as molecular weight or degree of deacetylation, and by environmental 

conditions, such as pH, temperature, or ionic strength. Hebeish et al. imparted easy-care 

characteristics and antimicrobial properties to cotton fabrics using aqueous multi finishing 

formulation with chitosan having different molecular weights48. The maximum antimicrobial activity 

against bacteria (Gram-positive and Gram-negative) and yeast were exhibited to cotton fabrics 

treated with chitosan having the lowest MW within the range studied. Zhang et al. studied the 

antimicrobial properties of chitosan of different molecular weights (MW) (9210, 58200, 90800, 

113600, and 158600 Da) and degrees of acetylation (DD) (69; 74.82; 84.19; and 92.48 %)49. With 

increased MW and DD, the reduction rate of bacteria (Escherichia coli) increased.  

 To improve some properties of microcapsules, such as the control of release rate, 

encapsulation efficiency, and microcapsule stability, chitosan has been associated with many 

polyanions from different categories to form polyelectrolyte complexes (PECs) (LUO; WANG, 

2014). Alginate, gelatin, and gum Arabic are widely studied for PEC formation with chitosan. These 

biopolymers are detailed in this review. Differentiated microcapsules properties have been also 

obtained with silk-fibroin, carboxymethylcellulose, k-carrageenan, pectin, and xanthan gum. 

 



Alginate  

 One of the most widely studied combinations of biopolymers for microcapsules formation is 

alginate and chitosan. Alginate, commercially obtained from brown seaweeds, is a linear anionic 

polysaccharide composed of a β-D-mannuronate (M) and α-L-guluronate (G) residues linked by 

(1,4)-glycosidic bonds arranged in a nonregular block-wise pattern50. This polymer can be cross-

linked under mild conditions with divalent cations, especially Ca2+, inducing the formation of 

resistant gels due to the dimeric association of the G-G blocks. 

 Due to the presence of carboxylic acid groups, alginate exhibits negative surface charge, 

allowing its strong and spontaneous interaction with protonated amined groups of the chitosan, 

forming polyelectrolyte complexes (PECs) when these two polymers are mixed. The major chemical 

interactions associated with PEC formation include electrostatic, dipole-dipole association, and 

hydrogen bonds51. Alginate-chitosan complexes have improved mechanical properties, resistance to 

pH variations, and enhanced stability to avoid the leakage of loaded material.  

 Dima et al.  obtained microcapsules loaded with coriander essential oil (CEO) by spray 

drying using alginate, chitosan, and inulin as encapsulating material40. Microcapsules composed of 

chitosan/alginate presented higher yield and efficiency of CEO encapsulation compared to 

microcapsules composed only of chitosan. In addition, the release rate was significantly affected by 

the microcapsule composition. After 120 min of release at pH 2.5, the percentage of CEO migrated 

from chitosan microcapsules was 74.5 % while the release percentage of CEO from chitosan/alginate 

microcapsules was less than 40 %. According to the authors, the rigid polymeric chains and the low 

degree of swelling of the alginate hinder the CEO diffusion.  

 In textile applications, alginate-chitosan microcapsules have been used to encapsulate 

antimicrobial-peptides for application as a coating of cotton-gauzes52. Also, for antimicrobial 

purposes, Rajendran et al.  encapsulated a leaf extract (O. sanctum.) and treated cotton fabrics that 

presented remarkable antibacterial activity and wash durability53. Hui et al.  successfully 

microencapsulated Traditional Chinese Herbs (TCH) – PentaHerbs – in chitosan-sodium alginate 

matrix and grafted onto the surface of cotton fabrics aiming application in the clinical treatment of 

atopic dermatitis54.  

 

Gum Arabic (GA) 



 Gums and their derivatives have extensive food and pharmaceutical applications owing to 

their unique functionalities, non-toxicity, biocompatibility, biodegradability, and safety for human 

consumption 32.  

 Gum Arabic is a natural resin derived from exudates of Acacia senegal and Acacia seyal 

trees. It is composed of polysaccharides and glycoproteins (Fig. 2) and has an average molecular 

weight between 300 and 800 kDa. Its composition is 95 % polysaccharides on a dry basis and 1 % to 

2 % different protein species. Besides, it contains associated substances, such as polyphenols and 

minerals (magnesium, potassium, calcium, sodium) in about 3 % to 4 %. The polysaccharide fraction 

is composed of a linear chain of linked β1.3 galactose. This chain is branched at position 1.6 with 

chains of galactose and arabinose. Rhamnose, units of glucuronic acid, or methyl glucuronic acid are 

found at the ends of the chains.  

 Carboxyl groups of the Acacia gum are dissociated at near-neutral pH, acquiring an open, 

expanded, and charged structure, which contributes to its good surface activity and viscoelastic film-

properties. These features as well as the high-water solubility and ability to act as an oil-water 

emulsifier make gum Arabic a very attractive material to encapsulate flavors, aromas, phenolic 

compounds, antioxidants, and nutraceutical compounds. 

 The negatively charged carboxylic groups allow the formation of polyelectrolyte complexes 

with the polycationic chitosan53,55. The advantage of combining GA and chitosan is evident in the 

study of Zhang et al.  which evaluated the encapsulation of lavender oil using GA and other materials 

(sodium caseinate, gelatin, chitosan, β-cyclodextrin and polyvinyl alcohol)56. The employment of 

pure GA resulted in an encapsulation efficiency of around 20 % while GA-chitosan microcapsules 

presented an encapsulation efficiency of 31 %. The loading capacity and the release rate were also 

improved for the GA-chitosan combined microcapsule. On the other hand, the yield was higher for 

the microcapsule of pure GA, which may be caused by the high viscosity of chitosan.  

 Specifically, in textile application, Wijesirigunawardana and Perera encapsulated lime oil 

using chitosan and gum arabic as wall materials57.  The synthesized lime oil microcapsules were 

incorporated into the cotton fabric and displayed significant antibacterial activity upon mechanical 

crushing and after a mild washing step. Also, the cytotoxic activity of unencapsulated lime oil was 

masked upon microencapsulation. Sharkawy et al. also observed a sustained antibacterial activity of 

the limonene and vanillin microcapsules produced using GA and chitosan grafted onto cotton 

fabric58.  

 

Gelatin 



 Gelatins have good functional characteristics in terms of biocompatibility, biodegradability, 

water retention and film-formation ability, and anti-carcinogenicity. Therefore, it is a promising 

material for encapsulation32. Gelatin is a mixture of poly and oligopeptides derived from partial 

hydrolysis of collagen and is composed of 18 amino acids (Fig. 2). Like other types of proteins, 

amino acids are the basic components of collagen and are linked together through peptide bonds, 

forming large chains.  
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Fig. 2 The structural formula of (a) chitosan with amino group highlighted; of (b) gum arabic with 

carboxylic group highlighted and of (c) gelatin with amino group highlighted, respectively. (font: 

autor) 

 

When the pH of the medium is above its isoelectric point (pH = 4.7), carboxylate groups from 

the ampholytic gelatin exhibits negative charges which can react with positively charged ammonium 

ions from chitosan, forming a polyelectrolyte complex. A study with complexes of chitosan and 

gelatin prepared, varying the ratio of constituents, showed that chitosan can improve significantly the 

tensile strength of the complexes, both in dry and swollen stated. The addition of chitosan also 

decreases the water uptake, suggesting strong interactions between rigid chitosan and flexible gelatin 

which replace the chain-water interactions59. 

 Hussain and Maji evaluated the microencapsulation of Zanthoxylum limonella oil (ZLO) in 

chitosan-gelatin complexes cross-linked with genipin60 . The authors observed that the thermal 

stability of microcapsules and the oil release rate was improved with the increase in the amount of 

chitosan in the chitosan-gelatin complex.  

 Patchouli oil was microencapsulated using chitosan and gelatin, followed by its 

immobilization on the cotton fabrics61. The authors observed that antimicrobial rate for S. 

aureus and E. coli could be maintained by about 65 % even after 25 washing times, suggesting its 

potential application in the antibacterial mask, bacteriostatic sheet, and health-care clothes. 

 

b) Active agents 

Active agents are components of the core of microcapsule. There are many kinds of 

compounds that can be used, alone or in mixture, what depends on the final application, which in 



turn depends on the goal. Among of active agents, the plant extract and essential oils appear as the 

most core component used in microencapsulation. These preferences are associated to these 

substances to be natural and considered safe, and because there is a vast availability of plants that can 

provide active compounds.  

Natural compounds, in general, can show variability in composition and other characteristics, 

as color and texture.  The species type, variety or hybrid, the cultural and climate conditions, part of 

plant and the extraction method are the main factors that determine the composition of the 

essence/extract, and thus its market value62. Essential oil (EO) does not have potential adverse 

effects, are recognized as safe, and has interesting properties for many applications. According 

Riachi and De Maria the essential oil of peppermint has more than 300 compounds identified63. In 

the case of peppermint oil 52 % of the total of compounds are monoterpenes (carvacrol and thymol), 

considered as antioxidant as the most active properties. It also features non-volatile antioxidants like 

flavonoids and phenolic acids, which are considered to be good for health. 

 Tu et al. show the antimicrobial potential of anise, peppermint, clove, cinnamon, pepper, 

citronella and camphor essential oils against bacteria Gram-positive (Bacillus subtilis and 

Staphylococcus aureus) as well as Gram-negative (Escherichia coli and Salmonella typhimurium)65. 

Hasheminejad, Khodaiyan and Safari studied the improving the antifungal activity against 

Aspergillus niger of clove essential oil encapsulated by chitosan nanoparticles66. Clove (Eugenia 

caryophyllata) oil mainly composed of 77.2 % eugenol, 8.31 % eugenyl acetate and 7.19 % β-

caryophyllene and the encapsulated EO revealed superior performance, compared with free EO. It 

has been described more than 100 molecules different in lavender essential oil and there are more 

than 20 species of Lavandula genus62, demonstrating the causes of possible changes in the 

composting of essential oils, always considering the concentration of the active compound studied. 

Chitosan has been used to develop the microcapsules containing different drugs because of its 

health benefits to human beings. Yuen et al. reported the development of chitosan and miconazole 

nitrate microcapsules67. It was proposed that chitosan and miconazole nitrate microcapsules could be 

applied to the daily wear of human, including socks, underwear and shirts, so as to produce the 

hygienic clothes. Diverse other  therapeutic agents have been encapsulated in polymeric particles, for 

example paclitaxel, morphine, vancomycin, levonorgestrel, leuprolide and nifedipine68. 

The integration of aromatherapy in textile application is a user-friendly idea that enables a 

means for substance delivery systems69. According to Kaur et al., the presence of different functional 

groups on different fragrant molecules accounts for their characteristic odours70. Hence, the 

classification of various fragrant products can be made on the basis of their chemical structures (or 



functional groups: e.g., alcohols, terpenes, lactones, esters, aldehydes and thiols). It is observed that a 

small alteration in the chemical structure of a compound can yield an entirely different aroma/odor. 

The most mentioned fragrances in scientific articles are lavender and vanillin. 

Lavender essential oil, whose main components are linalool, linalyl acetate, 1,8-cineole, β-

ocimene, terpinen and camphor has been used for centuries, retaining its traditional popularity71. Its 

major clinical benefits are on the central nervous system73. In lavender (spike) oil, Inouye; Takizawa; 

Yamaguchi  found 1,8-cineole (23,7 %), linalool (46,3 %), camphor (17,1 %), majority 74.  

Vanillin (4-hydroxy-3-methoxybenzaldehyde) is the major component of natural vanilla, 

which is one of the most widely used and important flavouring materials worldwide75. Vanillin is of 

interest to plant scientists for two main reasons. The first concerns the relationship of vanillin with 

the phenylpropanoid pathway and with the mechanisms of formation of benzoic acids, including 4-

hydroxybenzoic acid and the signaling compound, salicylic acid (2-hydroxybenzoic acid). In textile, 

microcapsule with vanillin was applied to fix fragrance and to exhibit  inhibitory effect of vanillin 

against the growth of Staphylococcus aureus76. Specificity with chitosan shell, vanillin 

microencapsulated demonstrated good performance in controllable release of fragrance in cotton 

fabric coated67.  

Lemongrass (Cymbopogon citratus L.) is a plant in the grass family that contains 1–2 % 

essential oil on a dry weight basis, with wide variation of the chemical composition as a function of 

genetic diversity, habitat and agronomic treatment of the culture. Mahanta et al.77 reported that the 

EO of lemongrass is characterized by a high content of citral (neral and geranial isomers, 69%), 

while Inouye; Takizawa; Yamaguchi 74 cited the contain of lemongrass oil is neral (33,2%) and 

geranial (37,8%). The citral is used as raw material for the production of ionone, vitamin A and β-

carotene. Lemongrass oil exhibits a broad spectrum of fungitoxicity by inhibiting several fungal 

species. Citral has been presented antifungal and antibacterial, and the lemongrass oil is widely used 

by the perfumes, cosmetics industries and in traditional medicine for various purposes 78. 

In the same way, there are a lot of essential oils studied as core of microcapsule, recently. 

Some other examples: thyme essential oils used to antibacterial function in viscose fiber79; cinnamon 

oil microencapsulated can be served as antibacterial materials80; Aloe vera microcapsules applied in 

cotton nonwovens29; gallic acid applied to make cosmeto-textile81; Palmarosa (Cymbopogon martinii) oil 

microcapsules was used as antimicrobial and aroma finishing of organic cotton knits82;  citronella 

(Cymbopogon winterianus) oil microcapsules reduced volatility and irritation for cosmetic textile uses78. 

 

c) Cross-linking Agents 



The possibility of crosslinking of chitosan represents an important advantage for the 

formation of microcapsules. Crosslinking consists of a chemical modification that aims bonding the 

polymer chains through the reaction between specific reactive sites present in the polymer structural 

units and some the crosslinking reagents. In the case of chitosan, the most reactive sites are the 

amino and hydroxyl groups. Properties such as mechanical resistance, swelling, permeability, 

chemical, and thermal stability as well as the release rate of the encapsulated substance are highly 

influenced by crosslinking. 

Depending on the nature of the crosslinker, the main interactions involved in forming the 

network are covalent or ionic. Covalent reactions occur by permanently connecting reactive sites of 

different polymer chains through intermolecular bonds or different regions of the same chain through 

intramolecular bonds. This type of bond allows microcapsule swelling without dissolution and the 

release of active agents by diffusion83. Cross-linkers agents used to establish covalent bonds are 

molecules with at least two reactive functional groups that allow the formation of bridges between 

polymeric chains. Glutaraldehyde and genipin are commonly used in textile applications to establish 

covalent crosslinking with chitosan. 

In addition to covalent bonds, crosslinking via ionic interactions is also possible. In these 

processes, strong electrostatic attractions occur between the cationic regions of chitosan (protonated 

amino groups: -NH3
+) and the anionic sites of a crosslinking agent that exhibit this characteristic. 

This type of crosslinking is simple and practical, as it only requires mixing the crosslinking agent 

with chitosan. The process is considered reversible because it is very sensitive to changes in pH and 

ionic strength of the medium. This characteristic is interesting for applications where it is desired that 

the microcapsule dissolves in extreme acidic or basic pH conditions83;47. Ionically crosslinked 

microparticles are generally considered as biocompatible and well-tolerated. The most common ionic 

crosslinkers are polyphosphates, citrates, oxalic acid, and sulfosuccinic acid84. For textile 

applications, tripolyphosphate (TPP) and glutaraldehyde are the main compounds used to ionically 

crosslinking chitosan and your structural formula are presented in Fig. 3.  
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Fig. 3 Structural formula of sodium tripolyphosphate (TPP) and the structural formula optimized of 

glutaraldehyde. (font: autor) 

 

Glutaraldehyde 

Glutaraldehyde (C5H8O2, Fig. 3) has been used extensively for crosslinking of chitosan as 

microcapsules, spheres, membranes, and hydrogels. It is cost-effective, readily available, and highly 

soluble in aqueous solutions. During the crosslinking process, the aldehyde groups of glutaraldehyde 

form covalent imine bonds (Schiff’s base) with the amino groups of chitosan and acetal bonds with 

hydroxyl groups. As the degree of crosslinking of chitosan with glutaraldehyde increases, the 

microcapsule wall became compact and with improved strength and stability. Consequently, the 

encapsulation efficiency increases, and the release rate decreases85,86. 

The significant effect of the crosslinking of chitosan with glutaraldehyde is evidenced in the 

work of Gupta and Jabrail. The release behavior of chitosan microspheres loaded with the drug 

centchromam showed an initial burst effect and a second step of controlled release87. The non-

crosslinking microspheres showed a burst release of 67.3 % w/w of centchromam within a period of 

30 h and the remaining drug (32.6 %) was controlled released within a period of 10 h. For 

glutaraldehyde cross-linked microspheres, only 29.6 % w/w of the loaded drug showed a burst 

release. The 70.4 % remaining was released in a controlled manner within 60 h.  

Currently, the use of glutaraldehyde as a crosslinking agent has been limited by concerns 

about its cytotoxicity, even when used at low concentrations87,43. 

 

Genipin 

Genipin is an aglycone derived from a hydrolytic product of geniposide present in the fruit of 

Gardenia jasminoides, a common flower in many parts of Asia. It is a white crystalline powder, 

soluble in methanol, ethanol, acetone, and slightly soluble in water88. This naturally obtained 

substance has an excellent crosslinking ability and has demonstrated to be a good alternative to 

dialdehydes crosslinkers. Genipin is biocompatible and a very safe crosslinking agent, being 5,000-

10,000 times less cytotoxic than glutaraldehyde89.  

Chitosan-based microcapsules cross-linked with genipin have improved encapsulation 

efficiency and diffusion rate through the microcapsule wall90. In a study on microencapsulation of 

neem seed oil using polyelectrolyte complexation of k-carrageenan and chitosan, Devi and Maji 

verified that glutaraldehyde was more efficient than genipin in terms of release rate and improved the 

thermal stability85. The encapsulation efficiency of oil ranged from 67 to 85 % for microcapsules 



cross-linked with glutaraldehyde and from 36 to 42 % for microcapsules cross-linked with genipin. 

According to the authors, the available sites in the microcapsules for cross-linking with genipin were 

less compared to those of glutaraldehyde. Therefore, if toxicity and biocompatibility are not a critical 

factor for application, glutaraldehyde may represent the best choice in terms of microcapsule 

properties. 

 

Tripolyphosphate (TPP) 

Sodium triphosphate (STP), also sodium tripolyphosphate (STPP), or tripolyphosphate (TPP) 

is the sodium salt of the polyphosphate penta-anion, which is the conjugate base of triphosphoric 

acid. It is produced on a large scale as a component of many domestic and industrial products, 

especially detergents. TPP is a non-toxic polyanion (P3O10
5-) (Fig. 3) that can interact with positively 

charged amino groups of chitosan via electrostatic forces to form ionic cross-linked networks.  

Several types of oils and active agents were successfully encapsulated in chitosan-based 

capsules using TPP as a crosslinking agent, as can be seen in Table 1.  

Parize evaluated TPP cross-linked chitosan microparticles containing curcumin and observed 

that release is modulated by the addition of higher concentrations of TPP. These authors also 

observed important differences in the release behavior at different pHs91.  At pH 1.2, curcumin was 

released by the complete dissolution of the microparticles while at pH 6.8 the curcumin was released 

by diffusion through the swollen polymeric matrix of the microparticles.   

 Liu et al. prepared chitosan microspheres using TPP, formaldehyde, and glutaraldehyde as 

crosslinking agents91. TPP-chitosan microspheres exhibited a higher cumulative amount of a model 

drug release when compared to microspheres cross-linked with formaldehyde or glutaraldehyde, 

indicating a less rigid structure. The authors concluded that the cumulative amount of drug release 

could be modulated by varying the type and extent of cross-linking agents, but the drug release 

mechanism was not affected. 

 

Tannic acid 

Tannic acid, a light yellow to tan solid with a faint odor, is a type of tannin, a naturally 

occurring plant polyphenol. Chemically, tannic acid (C76H52O46) is a gallic ester of D-glucose in 

which the hydroxyl groups of the carbohydrate are totally esterified with gallic acid dimers. Their 

multiple phenolic hydroxyl groups can interact with biological macromolecules through hydrogen 

bonding and hydrophobic interactions92. Therefore, tannic acid has been used as a hardening agent 

for chitosan-based microcapsules58,46 . Devi and Maji compared the cross-linking of κ-carrageenan 



and chitosan microcapsules with glutaraldehyde, genipin, and tannic acid. Tannic acid provided the 

highest release rate of the loaded neem seed oil85. According to the authors, contrary to the strong 

covalent bonds observed for glutaraldehyde and genipin, tannic acid formed a weak complex with 

the polyelectrolyte through hydrogen bonding and hydrophobic association resulting in producing 

higher water absorption. 

 

Transglutaminase (TGase) 

Transglutaminase or glutaminyl-peptideamine γ -glutamyl transferase (EC 2.3.2.13) is a 

“Generally Recognized as Safe (GRAS)” crosslinker additive which has been approved by the FDA 

in 1998 for food application. This enzyme catalyzes an acyltransfer reaction between the γ-

carboxamide group of peptide bound glutamine (Gln) residues and a variety of primary amines to 

form an "ε-( γ-glutamyl)lysine isopeptide bond. This crosslinking reaction can lead to the formation 

of protein polymers with high molecular weight93. Cross-linking of available functional groups of 

proteins by TGase also provides the possibility of tuning protein functional characteristics such as 

solubility, water holding capacity, gelation, thickening, emulsification, and heat stability94. Then, it 

has been proposed as a crosslinking reagent for proteins or protein and polysaccharides, the use of 

which does not introduce toxicity problems, besides the enzyme can be removed after the 

crosslinking reaction95. 

Dong et al., studying gelatin/gum Arabic multinuclear microcapsule encapsulating 

peppermint oil with TGase as cross-linker, verified morphology, mean particle size, yield, and 

loading remained the same as that hardening obtained with formaldehyde96. In soy protein/chitosan 

microcapsule, Yuan et al. observed higher encapsulation efficiency, lower polydispersity, and 

improved oxidative stability of algal oil97. The effect of TGase in microcapsule of whey protein 

isolate and chitosan and sodium alginate (separately) showed about 50 % more stable comparatively 

with tannic acid cross-linker98. 

 

Citric acid (CA)  

The citric acid (poly(carboxylic acids) is a naturally occurring organic acid with three 

carboxylic groups. It is inexpensive and non-toxic chemicals and wisely to react with 

polysaccharides99, and has been using to improve the performance properties of cellulose and 

proteins in textile applications100. Citric acid can react with all three hydroxyl groups in the 

anhydroglucose monomer and with the hydroxyl group through esterification27. The reaction between 

OH of a polymer and CA result in CA mono-, di-, and tri-esters. Di-esters can be formed either 



intermolecularly between two polymer molecules or intramolecularly within the same polymer 

molecule101. There are article using citric acid as cross-linker in polysaccharides25,100,27,39  and 

proteins102, 103  

The concentration of citric acid has been reported in the literature to affect the degree of 

whiteness of the treated fabric as well as the degree of the cross-linking reaction27. This study is 

presented a schematic representation of cross-linking reaction between citric acid, hydroxyl groups 

of cotton fabric (cell–OH), and microcapsules. 

The study of the multifunctionalization of cotton through the application of these particles 

with microcapsules of phase-change materials presented by Scacchetti, Pinto, & Soares, indicated 

that there is a chemical reaction between the amine groups of chitosan and carboxylic groups of citric 

acid104. 

The use of citric acid, as a safe cross-linking agent for the grafting of chitosan onto woolen 

fabric, was evaluated by Gawish, El-Ola and Ramadan105. This study revealed that the modification 

of wool fabric with chitosan and CA/chitosan greatly improved the wool properties as percentage dye 

exhaustion, K/S of dyes using acid and reactive dyes, tensile strength and biocidal activity. 

 

d) Surfactants 

The use of surfactants can stabilize the formulations, thus avoiding the drug recrystallization 

and improving the solubility106,107. The characteristics of these molecules are used for protecting 

hydrophobic substances from damage, increasing their solubility in aqueous media and improving 

bioavailability108.  

Surfactants, or surface-active agents, possess the behaviour of amphiphilic molecules. This 

means that a surfactant molecule contains both; a hydrophobic part (lipophilic) and a hydrophilic part 

(lipophobic). The non-polar hydrophobic part is typically referred to as tail and the polar hydrophilic 

part is referred to as a head group. These molecules are classified according to the chemical nature of 

the polar groups of their head. Due to the amphiphilic nature, surfactants molecules display two very 

interesting and useful properties, they reduce the surface tension when are adsorbed at a specific 

interface (i.e. air-water or oil-water) and they have the ability to self-associate and self-organize109.  

Micellization is a strongly cooperative self-association process occurring at a particular 

narrow concentration, critical micellar concentration (CMC). CMC is thus an important parameter to 

characterize the self-association and may depend on the chemical nature of the surfactant and solvent 

as well as other factors such as the number and size of the hydrophobic tails109.  



 The Hydrophile-Lipophile Balance (HLB) value of surfactants is a measure of its relative 

hydrophobicity/lipophilicity. This parameter is important in the emulsification step process (when 

existing) of microencapsulation. An emulsifier with a lipophilic character is assigned a low HLB 

number (below 9.0), and one that is hydrophilic is assigned a high HLB number (above 11.0).  The 

relative hydrophobicity/lipophilicity of the interface of oil droplets affect their uptake into coacervate 

systems, as it has been established that coacervates take up relatively hydrophobic material110. 

Optimization of surfactant concentration in the emulsification and coacervation process is 

problematic because the concentration required to obtain a fine emulsion and that to increase the 

yield of microcapsules may be different111. 

 The type of the emulsifier used in the microcapsule preparation has a significant influence on 

their size, morphology (being mononuclear or polynuclear), encapsulation efficiency, and the release 

pattern of the core material through the wall58,112.  The most common surfactants used for chitosan-

based microcapsules are Span (20 and 80), sodium dodecyl sulphate (SDS), and Tween (40 and 80), 

as can be seen in Table 1.  

 According to Li et al., smaller oil droplets are more efficiently retained in the encapsulated 

product so that the resulting microcapsules will have less free oil on the surface112. However, the 

application of small molecule surfactants for microencapsulation development is an area that has not 

been studied extensively because these surfactants do not have desirable encapsulation properties 

such as film-forming abilities. 

 

3 Encapsulate methods 
 

The selection of the method is a complicated task since different factors must be considered. 

Therefore, a compromise must be reached by identifying the method that best suits the characteristics 

of the microcapsules that are to be achieved. Some of the factors that should be taken into account 

are: 

• Nature of the core; 

• The coating substance; 

• Possible interactions between the core, the surfactant, and the wall material; 

• Microcapsule size; 

• Mechanism of transfer or release of the nucleus that you want to achieve; 

• Toxicity, and 



• Economic factor 

 There are different methods to perform encapsulation with chitosan as one component. Chitosan 

is a material that has a sustainable appeal because it is biodegradable and safe for human health, in 

this sense, there are many studies of microencapsulation with chitosan. In Table 1 are presented 

several methods of encapsulation as coacervation, ionic gelation, drying, polymerization, solvent 

extraction, layer-by-layer, and methods with emulsification as pre-treatment. Many methods 

described in literature no necessarily is presented for textile use, but any can be applied to produce 

chitosan microcapsule with some adjust or add crosslink compound to keep the characteristic into a 

textile substrate. 

The selection of the encapsulation method is very important for the development of 

microstructured encapsulate systems. When choosing the technique to be used must be taken into 

consideration some polymer-related factors such as: solubility and porosity of the shell, mechanical 

properties, viscosity, vitreous transition and film-forming ability. In addiction chemical and physical 

proprieties of the core and compatibility of the core with the wall113.  

The system of encapsulation with chitosan of kind of bottom-up approach refer to the 

development of large particles by the association of molecules or small particles through self-

assembly and self-organization of molecules or particles. Self-assembled molecules or particles can 

be affected by pH, temperature, concentration, and ionic strength, and therefore they require further 

treatments (spray drying, supercritical fluid, inclusion complexation, coacervation, nanoprecipitation, 

and electrospinning). These techniques consume less energy and have greater control over particle 

size, distribution, and structural morphology when compared with top-down approaches. Even 

though a variety of techniques have been proposed in the literature for the encapsulation of bioactive 

compounds, there is no single method that could be recognized as a standard, and universally 

applicable for the encapsulation of all bioactive compounds or development of different encapsulated 

systems20. 

Because of their complexity and numerous microencapsulation methods, there are many 

review articles intended, only these methods and many articles have experimented with only one. 

Petrulis and Petrulyte presented in their review, that the synthesis of fragrance delivery systems can 

be performed using methods like extrusion, grinding, spray coating, coacervation, and inclusion of 

complexes with cyclodextrins and they described each method114. Strategies for encapsulation of 

bioactive oils are described for Rodríguez et al., including methods to produce microparticles, 

nanoparticles, lipid nanoparticles, liposomes, etc21. 



 Rezaul,Shishir and Ferdowsi show in their review many methods for encapsulating flavor and 

aroma compounds115. They explain about emulsification, spray drying, spray chilling/cooling; 

electro-spinning and electro-spraying; freeze-drying; spray-freeze-drying; extrusion; coacervation; 

fluid bed coating and molecular inclusion in cyclodextrins. The method of the encapsulation for 

solvent removal; layer-by-layer; emulsion polymerization and emulgels are presented by Kakran and 

Antipina115. 

  In this review, the most cited methods on microencapsulation are presented, which are: 

coacervation, ionic gelation and layer-by-layer. In Fig. 4, 7, and 8 are showed a schematic diagram of 

four production process, where the orange circle represents the essential oil, the blue and black circle 

denote the polymers, the circle with tail represent the surfactants (with the tail been the hydrophobic 

chain), and the crosslinkers are represented to cross and as a blue circle in the ionic gelation process. 

In complex coacervation are used several polymers with chitosan, as gum Arabic (more 

used), gelatin, canola protein, collagen, silk fibroin, soy protein, etc. Petrulis and Petrulyte presented 

a list of various materials used for encapsulation, like polymers, biomolecules, and porous 

materials114. 

In Table 1, the crosslinker more cited are glutaraldehyde and TPP, and as surfactants are 

Tween and Span. Observing the active substances, the applications of the microcapsules are for 

antimicrobial, fragrance, antioxidant, and medical. 

 

Coacervation simple and complex 

The concept of microencapsulation by coacervation refers to phase separation, with a liquid 

phase in a polymer-rich phase (coacervate) and a polymer-poor phase. In coacervation, there will be 

always phases of hydrocolloids (one or more), which will be deposited on an active compound, 

which is suspended or emulsified in the same reaction medium, forming the microcapsule, with a 

core/shell structure. The capsule formed will have a high load capacity to be released effectively. 

About 80 to 90% of the mass of the microcapsule is made up of an active ingredient, making it of 

interest for the microencapsulation of oils, essential oils, and flavorings117. In Table 1, the papers 

with microcapsules made for coacervation presented many applications like antifungal (jojoba oil); 

insect repellent (limonene and Zanthoxylum limonella oil); pesticide (alfa pireno); antimicrobial 

(lavender and lime oil); antioxidant (alga oil and lime oil); medical (patchouli oil); food (palm oil) 

and cosmetic (lemon essential oil). 

Coacervation is a simple, and one of the most applied techniques in microencapsulation. It 

consists of three major steps, (i) development of immiscible phases during mixing for core material, 



coating material, and continuous liquid phase (ii) formation of encapsulating layer around the active 

compound by maintaining several parameters, including pH, ionic strength, the concentration of the 

coating materials, molecular weight, and temperature of the solution, and (iii) finally solidification of 

capsules through heating, desolvation, or crosslinking techniques32. 

According to the number of biopolymers applied in the process, the coacervation technique 

encompasses: simple coacervation consists of a single biopolymer, and complex coacervation 

consists of two or more biopolymers34. In simple coacervation, the polymer is salted out by the action 

of electrolytes, such as sodium sulfate, or desolvated by the addition of a water-miscible nonsolvent, 

such as ethanol, or by increasing/decreasing the temperature. These conditions promote 

macromolecule–macromolecule interactions.  

According to Bakry et al., the 1st step in microencapsulation of oil by the complex 

coacervation process involves emulsification of the oil in an aqueous solution containing 2 different 

polymers (most commonly a polysaccharide and a protein), usually at a temperature and pH above 

the gelling and isoelectric point of protein (represented for the first flask of Fig 4). The flasks 2, 3 e 4 

correspond to the following steps. The 2nd step is the separation of the liquid phase from the insoluble 

polymer-rich phase as a result of the electrostatic attraction between oppositely charged polymers 

caused by lowering the solution pH below the isoelectric point of the protein. The 3rd step consists of 

wall formation due to the deposition of the polymer-rich phase around the hydrophobic droplets, 

followed by controlled cooling below the gelling temperature. In the last step, the wall hardening of 

microcapsules is achieved by the addition of crosslinking agents118. In Fig. 4 is shown a schematic 

diagram of complex coacervation that would be with the polymers CHI, GA, the active agent 

essential oil, the surfactant Tween 80, and the crosslinker TPP. 

 

 

 
Fig. 4 Complex coacervation: schematic diagram. (font: autor) 



 

In complex coacervation, the combinations of polymers most studied in complex 

coacervation are CH-GE (chitosan-gelatin) and GE-GA (gelatin-gum Arabic)and the main 

crosslinkers studied are glutaraldehyde and tripolyphosphate. Both the CH-GA and GE-GA polymers 

interact electrostatically through the CH or GE amino group with the carboxylic group of the GA, 

which in the ionized form are presented as -NH3
+ and  -COO -. 

Fig. 5 shows a picture of a chitosan capsule with Tween 20, where you can see on the wall of 

the microcapsule the presence of surfactant, which is related to the encapsulation method. 

 

 
Fig. 5  Chitosan microcapsule with Tween 20 prepared by coacervation. (font: autor) 

 

Possible mechanisms of interaction electrostatic between a chitosan/gelatin and gum Arabic 

microstructure in acetic acid (Fig. 6a). 

The other possible mechanisms in the reaction of encapsulation are the mechanisms between 

chitosan and gelatin and crosslinkers glutaraldehyde and TPP, which are presented in Fig. 6b and 6c. 

When use glutaraldehyde to crosslink polymers, there are atoms released into the medium, and when 

TPP is used, there is electrostatic interaction47. 

 

 Ionic gelation 

Among the variety of methods developed to prepare EOs loaded chitosan nanoparticles, the 

ionic gelation technique has attracted considerable attention because it is non-toxic, organic solvent-

free, controllable and convenient47. According to Table 1, the technique can be applied to the 

biomedical areas (with linseed oil and dexamethasone sodium phosphate); antimicrobial (with iodine, 

carvacrol, eugenol, clove oil, clindamycin 2-phosphate, and silver ions); cosmetics (with rose 

fragrance); among others. 

In accordance with Rodríguez et al., charged polymer chains interact electrostatically with an 

oppositely charged medium to form particles21. 
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Fig. 6 a) Interaction electrostatic between the amino group and the carboxylic group and bonds 

between chitosan or gelatin with b) glutaraldehyde and c) Tripolyphosphate (TPP). (font: autor) 

 

The charged medium is used as a crosslinking agent. Hosseini et al. define the ionic gelation 

technique, as a technique based on the electrostatic interaction between the positively charged 

primary amino groups of chitosan and the negatively charged groups of polyanion, such as sodium 

tripolyphosphate (TPP)33. The technique with TPP lead to the formation of inter- and intra-molecular 

cross-linkages without using high temperatures66. 

In the Fig. 7 is shown a schematic diagram of ionic gelation, which would be with CH, 

essential oil, Tween 80, and TPP. In step 1, surfactant and polymer are mixed and after that, it is 

introduced the essential oil and mixed to form the microcapsules. After this step, it is introduced of 

the crosslinker (represented for the blue circle) and occur an electrostatic interaction between the 



positively charged primary amino groups of chitosan (polymer) and the negatively charged groups of 

polyanion placed last. 

 

 
Fig. 7 Gelation: schematic diagram. (font: autor) 

 

Layer-by-layer (LBL)  

The layer-by-layer (LBL) technology is an emergent trend regarding the development of 

multilayer controlled delivery systems at micro and nanoscale. This technique, based in the 

alternating deposition of polyelectrolytes with an opposite charge in a loaded structure, permits the 

design of delivery systems with greater performance in terms of controlled size, stability, 

composition, and surface functionality34. In the scheme of the Fig. 8, firstly happen the formation of 

microcapsules with active agent (orange circle) inside and polymer (blue circle) on the outside under 

mixing. In the sequence of the process, the crosslinker and more polymer are added to form a second 

layer of polymer (steps 2 and 3). The fourth step the microcapsule is formed with two layers of 

polymer and essential oil inside. 

The LBL technique does not require any sophisticated equipment. It is inexpensive, easily 

adaptable and a solution based simple assembly method. After the formation of a required number of 

layers, the core can be removed in order to produce hollow capsules. Multilayer nanocapsule 

provides better protection to bioactive compounds from environmental stresses compared to the 

single-layer capsule20. In Table 2, it is described LBL encapsulation of AMPs with antimicrobial 

properties and linseed oil with antioxidant proprieties118. 

Assembly of complementary macromolecules on oil microdroplets is performed after the 

placement of an emulsifier at the oil/water interface. In agreement with the concept of the LBL 

method, emulsifier forms a complex with the material used and form the subsequent layer. 

Amphiphilic polymers, proteins, polysaccharides, and phospholipids have been successfully used to 



stabilize the dispersed phase prior to the LBL encapsulation116. Layer-by-layer coating technique is 

advantageous for the elaboration of coating films for the encapsulation of oil-in-water emulsions 

formed from natural oils (micro and submicrometer size) as in the case of linseed or sunflower oil21. 

In Fig. 8 is shown a schematic diagram of the process of to encapsulate, that would be with bovine 

serum albumin and tannic acid. 

 

 
Fig. 8 Layer-by-layer: schematic diagram. (font: autor) 

 

 

 



 
Table 1 Methods of the encapsulation and reagents used in this process. 1 

Method Polymer(s) Active/Core 
Substance Crosslinkers Surfactants References 

Simple and complex 
coacervation 

Chitosan (CS) 
 

Jojoba oil - - Yuen et al.67 

Linseed oil - SDS Chatterjee, salaün and 
Campagne120 

Limonene - Lutensol ON30 Souza et al.121 

Chitosan - Gum 
arabic (GA) 

 

Lavender Tannic acid Tween 20 López et al.46 

- Glutaraldehyde Tween 80 

Espinosa-andrews, 
Sandoval-castilla, 
Vázquez-torres, Vernon-
carter and Lobato-
calleros122 

Blend of 
triglycerides 

(Miglyol812 N) 
TPP - Butstraen and Salaün123 

Alfa pireno Glutaraldehyde Span 80 Wang and Chi124 
Patchouli oil Glutaraldehyde Tween 80 Han et al.125 

Lime oil - - Wijesiriguna Wardana 
and Perera 57 

Limonene and 
vanillin Tannic acid 

Span 85 and 
polyglycerol 

polyricinoleate 
(PGPR) 

Sharkawy, Fernandes, 
Barreiro, Rodrigues and 
Shoeib 58 

Chitosan derivative 
– Gum arabic Patchouli oil Glutaraldehyde Span 80 Hu, Yang, Liu, Cheng, 

and Yang126  

Chitosan – Gelatin 
 

Zanthoxylum 
limonella oil 

(ZLO) 
Genipin Tween 80 Tarun and Maji42 

Patchouli oil Glutaraldehyde Span 80 Liu et al.61 

Limonene Glutaraldehyde and 
tripolyphosphate - Prata and Grosso127 

Lemon essential 
oil Glutaraldehyde - Chelaru et al.7 

Chitosan - canola 
protein isolate 

(CPI) 
- Transglutaminase - Chang, Gupta, Timilsena 

and Adhikari128 



 
Chitosan - κ -
Carrageenan 

Neem seed oil 
(NSO) 

Glutaraldehyde, genipin, 
and tannic acid Tween 80 Devi andMaji85 

Chitosan - collagen 
hydrolysate - Lavender oil Glutaraldehyde Tween 80 Ocak129 

Chitosan – silk 
fibroin n-Eicosane Glutaraldehyde Span 20 Deveci and Basal86 

Chitosan - soy 
protein isolate 

(SPI) 
Alga oil Transglutaminase - Yuan et al.97 

Chitosan - xanthan 
and chitosan - 

pectin 

Palm oil 
(carotenoid) - - Rutz et al.130 

Gelation 
Chitosan 

 

Iodine TPP - Zemljič, Peršin, Šauperl, 
Rudolf and Kostić131 

Carvacrol and 
eugenal TPP - Chen, Shi, Neoh and 

Kang132 
Dexamethasone 

sodium 
phosphate (DSP) 

TPP - Dustgani and Farahani 133 

Clove essential 
oil (CEO) TPP Tween 80 Hasheminejad et al.66 

Oregano 
essential oil 

(OEO) 
TPP Tween 80 Hosseini et al.33 

Rose fragrance TPP 

Polyoxyethylene 
(80) sorbitan 
monolaurate 
(Tween-80) 

Hu et al.126 

Linseed oil - SDS Chatterjee et al.135 

Silver ions TPP - Ali, Rajendran and 
Joshi136 

Clindamycin 2-
phosphate (CDP) TPP - Ristić, Zabret, Zemljič 

and Peršin137 
Examethasone 

sodium 
phosphate 

TPP - Dustgani and Farahani133 

Chitosan-zeolite Silver TPP - Scacchetti et al. 104 

Layer-by-layer Chitosan – 
Carboxymethyl Paraffin oil Glutaraldehyde - Roy, Ferri, Giraud, 

Jinping and Salaün138 



 
cellulose sodium 

salt (NaCMC) 

Chitosan - alginate Antimicrobial 
peptides (AMPs) - - 

Antunes, Faustino, 
Mouro, Vaz and Gouveia 
139 

Chitosan Linseed oil - SDS Chatterjee et al.140 

Emulsion 
 

Chitosan 
 

Berberine - - Lam et al.141 

Linseed oil  SDS Chatterjee, Salaün and 
Campagne119 

Orange oil - Tween 40 and 
Span 20 Li et al.112 

Eucalyptus and 
sandalwood oils 

Modified dihydroxy 
ethylene urea 

Rhamnolipid 
surfactant 

(biosurfactant) 

Javid, Raza, Hussain and 
Rehman142 

Limonene - - 
Sánchez-gonzález, Cháfer, 
González-martínez, 
Chiralt and Desobry143 

Chitosan-sodium 
alginate (CSA) 

PentaHerbs 
aqueous extracts Glutaraldehyde Span 80 Hui et al.54 

Emulsification/ionic 
gelation Chitosan 

Peppermint (PO) 
and Green Tea 

essential oil 
TPP Tween 80 Shetta et al.35 

Emulsion/ solvent 
evaporation Chitosan Azadirachta 

indica TPP Tween 80 Rajendran et al.144 

Emulsion spray drying 
water-in-oil(W/O)/ 

complex 
coacervate 

Chitosan – Gelatin - - - Kang, Dai and Kim36 

Emulsification/coacervation Chitosan 
Senna auriculata 
and Achyranthes 

aspera 
Glutaraldehyde and TPP - 

Chandrasekar, 
Vijayakumar and 
Rajendran 145 

Emulsion/polymerization 

Chitosan - 
Polymethyl 

methacrylate/ 
octadecane 

- - - Chaiyasat et al.146 

Liposomal chitosan 
emulsions Chitosan Pyrazole - - Nada et al.26 

Drying process Chitosan Vanillin - - Yang et al. 27 
Sonochemical coating Chitosan Zinc oxide - Polysorbate 80 Perelshtein et al.147 



 
Precipitation Chitosan Zinc oxide - - Abdelhady 148 

Copolymerization 
 

Chitosan hydrogel - 
Poly-NiPAAm 

(PNCS) 
- N,Nmethylenebisacrylamide 

(MBA) 
Tanaterge 
EP5071 

Kulkarni, Tourrette, 
Warmoeskerken and 
Jocic28 

Chitosan – N,N-
diethyl-m-
toluamide 

- - - Fei and Xin149 

In situ polymerization Chitosan - 
Polyurethane Paraffin oil Glutaraldehyde Tween 80 Fan, Zhang and Wang150 

Solvent extraction Chitosan – 
PLA/PCL - - - Vijayan, Reddy, Sakthivel 

and Swetha 151 

Oil-in-water solvent 
evaporation Chitosan Vanillin 

1,2,3,4-
butanetetracarboxylic acid 

(BTCA) 

poly(vinyl 
alcohol)(PVA) 

Feczkó, Kokol and 
Voncina152 



 

Comparison of encapsulation methods 

Comparison can be done between the different methods of encapsulation (coacervation, LBL, 

and ionic gelation) or it is possible to confront different manner to proceed in the same method.  

The size of microcapsule and the kind of interaction between then with textile is important in 

the choice of composition and method of production. Different reagents also influence the drug 

delivery, as an example, crosslinkers of higher molecular weight decrease the output speed of the 

active ingredient capsule normally. 

 Liu et al. studied the matching between textile cotton pore sizes and micro/nanocapsule 

sizes153. The nanocapsules for finishing cotton fabric had the better durability of washing than 

microcapsules because they penetrated more into the cotton fiber. Still related to the size of the 

microcapsule, are crosslinkers, which can be molecules of different sizes, as an example, there is a 

tannic acid larger than citric acid. Similarly, surfactants can be of different sizes too. 

 Muzzarelli showed that recent studies demonstrated that chitin (base compound for chitosan 

production) has complex and size-dependent effects on innate and adaptive immune responses 

including the ability to recruit and activate innate immune cells (higher when particles are 2-10 

micron)43. 

 There is no better encapsulation method for all applications. In this sense Table 2 presents the 

advantages and disadvantages of the four most mentioned methods in the literature. 

Microcapsules produced by coacervation are water-insoluble and heat-resistant, possessing 

excellent controlled-release characteristics based on mechanical stress, temperature and sustained 

release154. 

 

4 – Microcapsule application in textile 
 

As presented in Table 1, scientific literature evidenced how chitosan-based particles have 

been used to successfully encapsulate several compounds. Specifically, in textiles, chitosan 

microcapsules have been used to produce materials with antimicrobial and antioxidant properties131, 

insect repellency42, durable fragrances27, and with a thermoregulating response by encapsulation of 

phase change materials (PCM)86. Multiple benefits can also be obtained with the encapsulation 

strategy. Alonso et al., for example, described the grafting of chitosan-based microcapsules 

containing grapefruit seed oil extract onto cellulose157. The material exhibits antimicrobial properties 

and the pleasant fragrance of the grapefruit seed extract oil was retained for six months. 



 

Table 2 Advantages and disadvantages of the methods of encapsulation coacervation, ionic gelation, 

and layer by layer. 

Encapsulation 
method 

Advantages Disadvantages Reference 

Coacervation • Applicable for 
largescale 

• Inexpensive 
• Organic solvent usage 
• Useful for encapsulant 

of temperature-
sensitive actives 

• Excellent to 
encapsulate fragrances 
and tastes, due no 
requires temperatures  

• outstanding heat 
resistant characteristic 

• controlled release 
property 

• Versatile and efficient 
control of the particle 
size 

• Low stability for complex 
coacervates 

• Use of toxic chemical in the 
process 

• Expensive technique 
• Complex process 
• Presence of coacervating 

material on the surface of 
microcapsules 

• Aldehyde as hardener 
• Difficult to scale-up  
• Agglomeration 

Raza et al.25 
Chen et al.6 
Sharkawy et al58 
Jamekhorshid et 
al.155 

Ionic Gelation • non toxic 
• Controllable 
• No requires high 

temperatures 
• Low cost 

• Complex process, requires 
control of parameters such as 
polymer concentration, 
stirring speed, emulsifier 
concentration for to get a gel 

• High wall permeability 

Shetta et al.35 
Hasheminejad 
et al.66 
Decher and 
Schlenoff156 
Jamekhorshid et 
al.155 

Layer by layer • controlled size, by the 
number of monolayers 
deposited  

• controlled composition   
• obtaining composites 

with the desired 
composition 

•  good stability 
• surface functionality  
• simple instrumentation  
• low cost 

• Complex mechanism, the 
structure of each layer 
depends on a set of 
parameters that must be 
controlled, such as the 
concentration of solutions 
and their constituents, ionic 
strength, pH, temperature, 
types of agitation, among 
others 

De Souza 
Simões et al. 34 
Decher and 
Schlenoff156 

 

 Monllor, Bonet and Cases explained the behavior of the cotton fabrics with microcapsules 

bound to their fibers and determined the relationship between their macroscopic properties and 

microscopic characteristics158. 



 

There are many methods of applying microcapsules to textile substrates such as bath 

exhaustion, padding, pad dry curing, spraying, pad dry curing, dipping, chemical grafting, etc., 

however, textile work is approximately 10 % of the work with the microcapsule search and chitosan. 

Thus, there is not much research with a single application method, and the criterion of presenting the 

most cited is not being applied to this topic. 

The chemical methods to increase textile proprieties using suitable chemical and/or 

physiochemical techniques are superseding the high energy methods. Chemical finishes can use 

microcapsule that can be applied to the textile by several methods similar to dyeing processes, 

including exhaust (running batchwise in finish liquor after dyeing), padding and curing (immersion 

in the treatment solution followed by squeezing to remove excess and heat treatment), spraying, 

printing, foam application or vapor techniques. Also, the finish can be added to the spinning bath 

before the formation of manmade fibers. The method of finish microcapsule application depends on 

the particular chemicals and fabrics involved and the machinery available. Chemicals that have 

strong affinities for fiber surfaces can be applied in batch processes by exhaustion, usually, after the 

dyeing process has been completed, in another hand the chemicals that do not have an affinity for 

fibers are applied by a variety of continuous processes that involve either immersing the textile in a 

solution of the finishing chemical or applying the finishing solution to the fabric by some mechanical 

means159. 

The most common technique applied to textile chemical finishes is padding. In the padding 

method, differently from the exhausting process, the material is continuously dipped in liquor and 

squeezed to a certain degree by passing between a pair of rollers160. Padding mangle process is a kind 

of padding method applied when the chemicals having low or no affinity for the textile fiber. The 

operation consists of, after the impregnation (pad), the fabric is passed between two rollers to 

squeeze out air and to force chemical-liquor inside the material, with the excess liquor being sent 

back along with the fabric160. 

The padding operation is the first step (Fig. 9) of many of the continuous methods of 

microcapsule application and the sequence of operations the aim is still to allow chemical to diffuse 

quickly before fixation161, each part of the process can influence the outcome of the treatment160. 

After padding, the textile substrate must be dried (i.e., water is removed) and cured (i.e., heated to 

cause a chemical reaction) in a separate machine before chemical finishing is complete. The drying 

process can be carried out by heat convection, contact with heated metal surfaces, infrared radiation, 

microwaves or high-frequency waves, combustion, and vacuum.  Vacuum extraction humidity, 



 

besides remove water, improve de particle penetration in the fibers. The cure or fixation of the 

microparticle is made with a temperature higher than the drying process, and normally, in many 

finishing procedures, drying and curing are done in two successive steps (Fig. 9). Each step will have 

its individual specified conditions160. 

Exhausted or immersion method consists of a batch process witch the textile is exposed to the 

microcapsule under conditions of temperature and solution composition (salts, pH, surfactants, etc.) 

and maintained during a specific time. After the liquor is drained and the textile material is drying 

without washing. 

Electrospinning is a technique for producing fibers with the active substance inside them, 

from polymer melts and solutions using an electric field. 

Another method to apply chemical finishes used is spraying (Fig. 9).  The spray is applied in a closed 

cabinet in which the textile material is tumbling. Parameters that are controlled during the process are 

the add-on, the rate of spraying, the rotation time, and the processing time. The textile is 

subsequently pressed and cured in the same way as in the post-curing process mentioned before22. 

 

 

 



 

Fig. 9 Steps of the finishing process and finishing method by Spray, respectively. (font: autor) 

 

The coating method is that incorporate the micro/nanoparticles into another polymer layer, 

which can be attached chemically or physically to the host textile material137,160. 

Application of dyestuffs is conducted in the pad dyeing machines with single or multiple 

dipping in solution. During padding, the fabric passes into a solution of chemicals, under a 

submerged roller and out of the bath. It is then squeezed to remove excess solution. The objective of 

this process is to mechanically impregnate the fabric with the solution or dispersion of chemicals Pad 

impregnation is common for the dyeing of fabric and for the application of finishing chemicals. 

‘Grafting’ is a method wherein monomers are covalently bonded (modified) onto the polymer 

chain, whereas in curing, the polymerization of an oligomer mixture forms a coating that adheres to 

the substrate by physical forces162. The grafting can be applied to any method, but the microcapsule 

has to link to the textile chemically.  

In Table 3 are presented several examples of finishing methods for various core substances. 

The application is similar to those described in Table 1. The pad-dry-cure is a more used finishing 

method, followed by the spray method. The microcapsules are incorporated in cotton and citric acid 

is the main crosslinker for durability against washing. Almost all jobs do the wash test as shown in 

Table 3. There are several tests available to evaluate the durability of the finishing agents or their 

functional performance. These methods should be selected based on the final application of textiles 

and market demand. For washing fastness, two methods are used normally, EN ISO 3175-2 and 

AATCC 61-2206. 

 



 

Table 3 Examples of finishing method of the microcapsules in textiles and your applications. 

Finishing method Incorporated 
substance 

Crosslinkers  
 

Textile material Application/other References 

Immersing Lavander Citric acid Cotton Antimicrobial; Fragrance; Wash 
test 

Singh at al.163 

Orange oil - Cotton and 
terylene 
polyester 

Production of the microcapsules 
of orange oil 

Yue Li et al.112 

Antimicrobial 
peptide dermcidin 

- Cotton gauzes Medical use (antimicrobial) Antunes et al.139 

Immersing in emulsion Patchouli oil - Cotton Antibacterial; Wash test Liu et al.61 
Immersing in the 
emulsion for under 
vacuum 

Rose fragrance - Cotton  Fragrance; Wash test Hu et al.134 

Immersing-dry-cure Grapefruit seed oil Citric acid Cellulose fiber Antimicrobial; Fragrance; Wash 
test 

Alonso et alrai157 

Pad-Dry 
 

Linseed oil - Polyester (PET) Development of microcapsules 
for PET;  
Wash test 

Chatterjee, Salaün 
and Campagne120 

Limonene oil - Non-woven 
cellulose  

Fragrance Souza et al.113 

Iodine - Pristine and 
oxidized 
cellulose viscose 

Antibacterial; Antioxidant Zemljič et al.131 

Lavander Citric acid and 
monobasic 
sodium phosphate 
monohydrate 

Cotton  Antimicrobial López et al.46 

Limonene and 
vanillin 

Citric acid Cotton Aroma; Antibacterial; Wash test Sharkawy et al.58 

Pad-dry-cure 
 

Bioactive 
compounds of the 
Azadirachta indica  

Citric acid Cotton  Antimicrobial; Wash test Rajendran et al.144 

Paraffin oil Citric acid Cotton  Double shell; Photochromic color; 
Wash test 

Fan et al.150 

- 1,2,3,4-
butanetetracarbox

Cotton Production of the poly-
NiPAAm/chitosan microparticles 

Kulkarni et al.28 



 

ylic acid (BTCA) (PNCS);  
Temperature-responsive for 
medical use; Wash test 

Pyrazoles Citric acid Cotton  Antibacterial Nada et al.26 
Zinc oxide - Cotton Antibacterial; UV protection Abdelhady148 
Silver Citric acid Cotton Antimicrobial; Textiles with 

thermoregulating properties 
Scacchetti et al.104 

Medicinal plants: 
Senna auriculata, 
Achyranthes aspera 

Citric acid Cotton Antibacterial; Wash test Chandrasekar et 
al.145 

Eucalyptus and 
sandalwood oils 

Knittex RCT 
(modified 
dihydroxy 
ethylene urea) and 
Knittex catalyst 
MO (catalyst)  

Cotton  Antibacterial  Javid et al.142 

Pad-dry-bake Permethrin/ 
imidacloprid 

- Wool Antimicrobial; Insect-resist 
agents; Wash test 

Hassan and 
Sunderland164 

Grafting (pad-dry-cure) Traditional Chinese 
Herbs (TCH) 

- Cotton Healthcare textiles Hui et al.54 

Exhaust Silver - Polyester Antibacterial Ali et al.136 
Spray 
 

N, N-diethyl-m-
toluamide (DEET) 

- Cotton Insect repellent Fei and Xin149 

Vanillin - Cotton Antimicrobial; Fragrance Fan, Ma, Xu, An 
and Qiu165 

Berberine - Cotton Antibacterial; Wash test Lam et al.141 
Vanillin Citric acid Cotton Perfume; Wash test Yang et al.27 

Coating Clindamycin 2-
phosphate (CDP) 

- Regenerated 
cellulose fibers 
(tampon) 

Gynecological treatment of 
bacterial vaginosis 

Ristić et al.137 

Electrospinning Silver - Carboxymethyl 
chitosan/polyeth
ylene oxide 
nanofiber 

Antimicrobial Fouda, El-aassar 
and Al-deyab166 

Air removed-dipped-dry Citronella oil - Cotton Aromatic; Wash test Liu et al.167  



 

5 - Market 
 

The textile industry has reacted slowly to the possibilities of microencapsulation. It was not 

until the 1990s that a few commercial applications appeared at the research and development 

stages69. The increase in interest in microencapsulated products started strongly in 1999, as shown in 

Figure 1. It can be seen by the continuous increase in the number of patents registered since then. 

What happens is that day after day, changes occur in people's behavior and new needs. Added 

to this, industrial competition requires that there be a supply of textile products with different 

characteristics. In this context, microcapsules are one of the ways to add properties to textile 

products, which include fragrances, UV protection, repellent action, antimicrobials, medicines, etc. 

Differentiated textile articles whose performance is improved, has a competitive advantage and in the 

case of having added characteristics, using biodegradable polymers as an encapsulation material, 

these will have better acceptance in the market and will present an environmental appeal and 

consequently greater added value. 

This increased interest in the textile industries is also described by Alonso et al.157. Textile 

industries have shown a growing interest in the functionalization of fibers for innovative commercial 

applications, and emerging technologies based on micro capsulation are able to confer properties that 

were not possible or cost-effective by other processes. The technique is opening a world of 

possibilities for consumers. Morais, Guedes and Lopes adds that due to the public health awareness 

of the pathogenic effects on personal hygiene and associated health risks, over the last few years, 

intensive research has been promoted in order to minimize microbes’ growth on textiles168. The 

authors too present a table of the commercially available antimicrobial isolated agents, and another 

table of the commercially available antimicrobial textile fibers or structures. 

According to Ammala, in today's cosmetic and personal care markets, there is a growing 

trend towards more complex and sophisticated microencapsulated products with consumers 

expecting improved product performance and formulators desiring a greater competitive 

advantage169. 

For Czajka, medical textiles are one of the most dynamically expanding sectors in the 

technical textile market170. Growth rates are above average as a result of increases in consumption in 

developing countries in Asia and growth rates in the Western market. The prospects for medical 

textiles are rather better, especially for non- woven materials and disposable medical textiles used in 

surgical rooms. 



 

Adamowicz, Śmigielski and Frydrysiak explain that the market products of 

microencapsulating in textiles include cosmetotextiles, aromatherapy textiles, home textiles, sports 

wears, and apparel170. In the first group, there are included microencapsulated skin moisturizers, 

vitamins, provitamins, and anti-aging substances. In this case, the purpose of this textiles is to contact 

with skin. In other groups, there are textiles with microencapsulated fragrances or as in the case of 

home textiles also deodorizing substances. The authors too explain that it would be good to apply for 

medicines on textiles and wear them when we need it and not being worried about taking pills with 

those medicines, which may cause destroying the liver or stomach. 

Chitosan-microcapsule specifically shows a large potential for use in textile functionalization. 

There are many papers with different active agents applied in food, pharmaceutical, cosmetic, 

medical, and agriculture fields that can be studied for use as antimicrobial, aromatic, healing, anti-

inflammatory, repellent, etc. fabric finishing.  

In this sense, the market for technical textiles is very promising worldwide. 

 

6 - Concluding remarks and prospects 
 

Currently, there is a tendency to use natural products, such as the use of active agents in 

conjunction with biodegradable polymers, such as chitosan. Biopolymers and compounds present in 

essential oils are presented as a market attractive as functionalizing agents for textile substrates, as 

they are in accordance with consumer expectations and with international environmental and health 

rules. 

Many papers present current encapsulation strategies for bioactive oils and other substances, only 

from alimentary to pharmaceutical (biomedicine) perspectives. An example of this is the wide use of 

specific surfactants for the food industry, which can be employed in other processes but, due to the 

alimentary exigency, add cost in the less exigent application sector. Another gap in the literature 

concerns the use of microcapsule under the perspective of the textile industry and the engineering 

area, with optimizations from the phenomenological modeling of processes. It was realized that 

studies that associate the release time of nucleated substances with the application of the product and 

the microcapsule construction process, as well as the pore size of textiles where microcapsules of 

known sizes are being applied, were little published. The production cost and size of microcapsules 

must also be more considered in future research 



 

The surfactants Tween and Span have a relationship with the most useful microencapsulation, 

which are food and cosmetics. For textile applications, it is necessary to study other surfactants with 

a lower degree of demand than the food area and cheaper. In this sense, few studies are reported in 

the literature on the mixture of surfactants and the mixture of polymers of different molecular 

weights. It is believed that these mixtures will be further explored by researchers in the future. 

The technique most used in microencapsulation in the number of times was complex 

coacervation, followed by ionic gelation, layer-by-layer, and polymerization. The solvent 

evaporation technique was not mentioned in studies with the industry, it was mentioned only in 

laboratory works, due to the difficulty in building equipment prepared for solvent evaporation and 

large-scale process operation. 

Textile is used as a house and human wear, and innumerous technical applications in medical, 

agricultural, geological, architecture, and others. In Personal Protective Equipment (PPE) material 

textile has shown indispensable not only in the hospital environment but for all people in the 

pandemic situation. Since COVID 19, new importance has been given for antibacterial and antiviral 

proprieties in fabrics to safeguard against some diseases. In this sense, new polymer, active agent, 

crosslinkers, and methodology to produce microcapsules will be studied, and the scientific 

knowledge will be applied for use immediately. It is possible that antimicrobial textile finishing is 

considered essential in the future. Another little explored topic is the study of the impregnation of 

microcapsules in textiles, informing the advantages and disadvantages between the different 

methods, also informing the limits of the process parameters so as not to break the microcapsules 

during impregnation 

Production techniques and composition of microcapsule are quite specific with the function, 

durability, and interaction with materials and mediums where they will be exposed. This 

characteristic makes it necessary to study targeted and specific to the different areas of application. 

From where it can be concluded that there is a difficulty between a direct application of a 

microcapsule development in the production system, or the study should be directed from the 

beginning to the desired application. 

It is foreseeable that the technology of the production of microcapsules will continue to 

expand to keep up with demands for multifunctional products that comprise more than one active 

substance, as products that contain many natural substances like vitamins, oils, and therapeutic 

extracts.  



 

 The existence of a large quantity of manner to produce and of components, encapsulating 

process and textile application require a considerable quantity of information, which the background 

the research is important to the development of the desired final product.  

 

Acknowledgment 

The authors are grateful to CAPES-PRINT, project number 88887.310560/2018-00. 

 

References  

 

1.  Muñoz-Bonilla, A.; Echeverria, C.; Sonseca, Á.; Arrieta, M. P.; Fernández-García, M. 

Materials (Basel). 2019, 12. 

2.  He, Z.; Bao, B.; Fan, J.; Wang, W.; Yu, D. Colloids Surfaces A Physicochem. Eng. Asp. 2020, 

594, 124661. 

3.  Hu, S.; Song, L.; Pan, H.; Hu, Y. Ind. Eng. Chem. Res. 2012, 51, 3663. 

4.  Jayanegara, A.; Haryati, R. P.; Nafisah, A.; Suptijah, P.; Ridla, M.; Laconi, E. B. Adv. Anim. 

Vet. Sci. 2020, 8, 472. 

5.  de Arruda, I. N. Q.; Pereira, V. A.; Stefani, R. J. Iran. Chem. Soc. 2017, 14, 561. 

6.  Chen, M.; Liu, J.; Liu, Y.; Guo, C.; Yang, Z.; Wu, H. RSC Adv. 2015, 5, 14522. 

7.  Chelaru, C.; Ignat, M.; Albu, M.; Meghea, A. UPB Sci. Bull. Ser. B Chem. Mater. Sci. 2015, 

77, 101. 

8.  Carvalho, I. T.; Estevinho, B. N.; Santos, L. Int. J. Cosmet. Sci. 2016, 38, 109. 

9.  Lopes, S.; Afonso, C.; Fernandes, I.; Barreiro, M. F.; Costa, P.; Rodrigues, A. E. Ind. Crops 

Prod. 2019, 139, 111407. 

10.  Meng, F.-B.; Zhang, Q.; Li, Y.-C.; Li, J.-J.; Liu, D.-Y.; Peng, L.-X. Carbohydr. Polym. 2020, 

238, 116193. 

11.  Santos, S. S.; Rodrigues, L. M.; Costa, S. C.; Madrona, G. S. Food Packag. Shelf Life 2019, 

20, 100177. 

12.  Chen, S.; Zong, J.; Jiang, L.; Ma, C.; Li, H.; Zhang, D. J. Food Eng. 2020, 274, 109842. 

13.  Lee, Y. K.; Chang, Y. H. Int. J. Biol. Macromol. 2020, 150, 546. 

14.  Misni, N.; Nor, Z. M.; Ahmad, R. Iran. J. Pharm. Res. 2019, 18, 198. 

15.  Choi, H. J.; Lee, S. Y. Environ. Technol. (United Kingdom) 2020, 41, 822. 

16.  Chen, B. Y.; Kuo, H. W.; Sharma, V. K.; Den, W. Sci. Rep. 2019, 9, 1. 



 

17.  Du, W.; Yu, J.; Gu, S.; Wang, R.; Li, J.; Han, X.; Liu, Q. Constr. Build. Mater. 2020, 247, 

118575. 

18.  Tözüm, M. S.; Alkan, C.; Alay Aksoy, S. J. Appl. Polym. Sci. 2020, 137, 1. 

19.  Benita, S. Microencapsulation; Benita, S., Ed.; 2 nd.; Taylor & Francis: New York, 2016. 

20.  Shishir, M. R. I.; Xie, L.; Sun, C.; Zheng, X.; Chen, W. Trends Food Sci. Technol. 2018, 78, 

34. 

21.  Rodríguez, J.; Martín, M. J.; Ruiz, M. A.; Clares, B. Food Res. Int. 2016, 83, 41. 

22.  Paul, R. Functional Finishes for Textiles; 2015. 

23.  Madene, A.; Jacquot, M.; Scher, J.; Desobry, S. Int. J. Food Sci. Technol. 2006, 41, 1. 

24.  Shishir, M. R. I.; Xie, L.; Sun, C.; Zheng, X.; Chen, W. Trends Food Sci. Technol. 2018, 78, 

34. 

25.  Raza, Z. A.; Khalil, S.; Ayub, A.; Banat, I. M. Carbohydr. Res. 2020, 108004. 

26.  Nada, A.; Al-Moghazy, M.; Soliman, A. A. F.; Rashwan, G. M. T.; Eldawy, T. H. A.; Hassan, 

A. A. E.; Sayed, G. H. Int. J. Biol. Macromol. 2018, 107, 585. 

27.  Yang, Z.; Zeng, Z.; Xiao, Z.; Ji, H. Flavour Fragr. J. 2014, 29, 114. 

28.  Kulkarni, A.; Tourrette, A.; Warmoeskerken, M. M. C. G.; Jocic, D. Carbohydr. Polym. 2010, 

82, 1306. 

29.  Fiedler, J. O.; Carmona, Ó. G.; Carmona, C. G.; José Lis, M.; Plath, A. M. S.; Samulewski, R. 

B.; Bezerra, F. M. J. Text. Inst. 2020, 111, 68. 

30.  Linder, C.; Markus, A. 2005, 55. 

31.  Torchilin, M. F. V. Multifunctional Pharmaceutical Nanocarriers; New York: Springer, Ed.; 

2008. 

32.  Rezaul, M.; Shishir, I.; Xie, L.; Sun, C.; Zheng, X. Trends Food Sci. Technol. 2018, 78, 34. 

33.  Hosseini, S. F.; Zandi, M.; Rezaei, M.; Farahmandghavi, F. Carbohydr. Polym. 2013, 95, 50. 

34.  de Souza Simões, L.; Madalena, D. A.; Pinheiro, A. C.; Teixeira, J. A.; Vicente, A. A.; 

Ramos, Ó. L. Adv. Colloid Interface Sci. 2017, 243, 23. 

35.  Shetta, A.; Kegere, J.; Mamdouh, W. Int. J. Biol. Macromol. 2019, 126, 731. 

36.  Kang, M. K.; Dai, J.; Kim, J. C. J. Ind. Eng. Chem. 2012, 18, 355. 

37.  Mcknight, C. A.; ku, A.; Goosen, M. F. A.; Sun, D.; Penney, C. J. Bioact. Compat. Polym. 

1988, 3, 334. 

38.  Gupta, S.K.; Singhvi, I.J.; Shirsat, M. K.; Karwani, G. . A. A. . A. Asian J. Pharm. Clin. Res. 

2011, 1, 67. 



 

39.  Estevinho, B. N.; Rocha, F.; Santos, L.; Alves, A. Trends Food Sci. Technol. 2013, 31, 138. 

40.  Dima, C.; Pətraşcu, L.; Cantaragiu, A.; Alexe, P.; Dima, Ş. Food Chem. 2016, 195, 39. 

41.  Xiao, Z.; Liu, W.; Zhu, G.; Zhou, R.; Niu, Y. Flavour Fragr. J. 2014, 29, 166. 

42.  Tarun K. Maji, M. R. H. J. Appl. Polym. Sci. 2009, 111, 779. 

43.  Muzzarelli, R. A. A. Mar. Drugs 2010, 8, 292. 

44.  Moura, C. M. de; Moura, J. M. de; Soares, N. M.; Pinto, L. A. de A. Chem. Eng. Process. 

Process Intensif. 2011, 50, 351. 

45.  Lim, S. H.; Hudson, S. M. J. Macromol. Sci. - Polym. Rev. 2003, 43, 223. 

46.  López, A.; Lis, M. J.; Bezerra, F. M.; Vilaseca, M.; Vallés, B.; Prieto, R.; Simó, M. J. Biomed. 

Sci. Eng. 2019, 12, 377. 

47.  Massella, D.; Giraud, S.; Guan, J.; Ferri, A.; Salaün, F. Textiles for health: a review of textile 

fabrics treated with chitosan microcapsules. Environ. Chem. Lett. 2019, 17, 1787–1800. 

48.  Hebeish, A.; Abdel-Mohdy, F. A.; Fouda, M. M. G.; Elsaid, Z.; Essam, S.; Tammam, G. H.; 

Drees, E. A. Carbohydr. Polym. 2011, 86, 1684. 

49.  Zhang, Z.; Chen, L.; ji, J.; Huang, Y.; Chen, D. Text. Res. J. 2003, 73, 1103. 

50.  Lee, K. Y.; Mooney, D. J. Prog. Polym. Sci. 2012, 37, 106. 

51.  Luo, Y.; Wang, Q. Int. J. Biol. Macromol. 2014, 64, 353. 

52.  Antunes, L.; Faustino, G.; Mouro, C.; Vaz, J.; Gouveia, I. C. Cienc. e Tecnol. dos Mater. 

2014, 26, 118. 

53.  Rajendran, R.; Radhai, R.; Kotresh, T. M.; Csiszar, E. Carbohydr. Polym. 2013, 91, 613. 

54.  Hui, P. C. L.; Wang, W. Y.; Kan, C. W.; Ng, F. S. F.; Wat, E.; Zhang, V. X.; Chan, C. L.; Lau, 

C. B. S.; Leung, P. C. Colloids Surfaces B Biointerfaces 2013, 111, 156. 

55.  Avadi, M. R.; Sadeghi, A. M. M.; Mohammadpour, N.; Abedin, S.; Atyabi, F.; Dinarvand, R.; 

Rafiee-Tehrani, M. Nanomedicine Nanotechnology, Biol. Med. 2010, 6, 58. 

56.  Zhang, R.; Huang, L.; Xiong, X.; Qian, M. C.; Ji, H. Flavour Fragr. J. 2020, 35, 157. 

57.  Wijesirigunawardana, P. B.; Perera, B. G. K. Acta Chim. Slov. 2018, 65, 150. 

58.  Sharkawy, A.; Fernandes, I. P.; Barreiro, M. F.; Rodrigues, A. E.; Shoeib, T. Ind. Eng. Chem. 

Res. 2017, 56, 5516. 

59.  Yin, Y. J.; Yao, K. D.; Cheng, G. X.; Ma, J. B. Polym. Int. 1999, 48, 429. 

60.  Hussain, M. R.; Maji, T. K. J. Microencapsul. 2008, 25, 414. 

61.  Liu, J.; Liu, C.; Liu, Y.; Chen, M.; Hu, Y.; Yang, Z. Colloids Surfaces B Biointerfaces 2013, 

109, 103. 



 

62.  Lesage-Meessen, L.; Bou, M.; Sigoillot, J. C.; Faulds, C. B.; Lomascolo, A. Appl. Microbiol. 

Biotechnol. 2015, 99, 3375. 

63.  Riachi, L. G.; De Maria, C. A. B. Food Chem. 2015, 176, 72. 

64.  Tu, X.; Hu, F.; Thakur, K.; Li, X.; Zhang, Y.; Wei, Z. Ind. Crop. Prod. 2018, 124, 192. 

65.  Tu, X. F.; Hu, F.; Thakur, K.; Li, X. L.; Zhang, Y. S.; Wei, Z. J. Ind. Crops Prod. 2018, 124, 

192. 

66.  Hasheminejad, N.; Khodaiyan, F.; Safari, M. Food Chem. 2019, 275, 113. 

67.  Yuen, C. W. M.; Kan, C. W.; Cheuk, K. L.; Cheung, H. C.; Cheng, S. Y.; Yip, J.; Lam, P. L. 

J. Microencapsul. 2012, 29, 505. 

68.  Mansour, H. M.; Sohn, M. J.; Al-Ghananeem, A.; DeLuca, P. P. Int. J. Mol. Sci. 2010, 11, 

3298. 

69.  Cheng, S. Y.; Yuen, C. W. M.; Kan, C. W.; Cheuk, K. K. L. Res. J. Text. Appar. IssPT) RJTA 

2008, 12, 41. 

70.  Kaur, R.; Kukkar, D.; Bhardwaj, S. K.; Kim, K. H.; Deep, A. J. Control. Release 2018, 285, 

81. 

71.  Iriti, M.; Colnaghi, G.; Chemat, F.; Smadja, J.; Faoro, F.; Visinoni, F. A.; Bg, S.; Chimie, L. 

De; Réunion, U. D. La; Réunion, L.; France, D. O. M.; Istituto, C. N. R.; Milano, S.; Celoria, 

V. Flavour Fragr. J. 2006, 704. 

72.  Rezazadeh Sh., Baha - aldini B. Z. B.F., Vatanara A., Behbahani B., Rouholamini Najafabadi 

A., Maleky-Doozzadeh M., Yarigar-Ravesh M., P. H. M. J. Med. Plants 2008, 7, 63. 

73.  Rezazadeh, S.; Baha-Aldini, B. Z. B. F.; Vatanara, A.; Behbahani, B.; Rouholamini 

Najafabadi, A.; Maleky-Doozzadeh, M.; Yarigar-Ravesh, M.; Pirali Hamedani, M. J. Med. 

Plants 2008, 7, 63. 

74.  Inouye, S.; Takizawa, T.; Yamaguchi, H. J. Antimicrob. Chemother. 2001, 565. 

75.  Walton, N. J.; Mayer, M. J.; Narbad, A. Phytochemistry 2003, 63, 505. 

76.  Panisello, C.; Peña, B.; Gilabert Oriol, G.; Constantí, M.; Gumí, T.; Garcia-Valls, R. Ind. Eng. 

Chem. Res. 2013, 52, 9995. 

77.  Mahanta, J. J.; Chutia, M.; Bordoloi, M.; Pathak, M. G.; Adhikary, R. K.; Sarma, T. C. 

Flavour Fragr. J. 2007, 525. 

78.  Saddiq, A. A.; Khayyat, S. A. Pestic. Biochem. Physiol. 2010, 98, 89. 

79.  Li, H.; Yu, H. IOP Conf. Ser. Mater. Sci. Eng. 2020, 768, 022040. 

80.  Li, Y.; Liu, J.; He, X.; Kong, D.; Zhou, C.; Wu, H.; Yang, Z.; Yang, Z.; Hu, Y. Macromol. 



 

Mater. Eng. 2020, 305, 1. 

81.  Alonso, C.; Martí, M.; Barba, C.; Lis, M.; Rubio, L.; Coderch, L. J. Photochem. Photobiol. B 

Biol. 2016, 156, 50. 

82.  Kudligi, S. J.; Malligawad, L. H.; Naikwadi, S.; Jamadar, D. Flavour Fragr. J. 2020, 35, 59. 

83.  Khounvilay, K.; Estevinho, B. N.; Sittikijyothin, W. Eng. J. 2019, 23, 217. 

84.  Jóźwiak, T.; Filipkowska, U.; Szymczyk, P.; Rodziewicz, J.; Mielcarek, A. React. Funct. 

Polym. 2017, 114, 58. 

85.  Devi, N.; Maji, T. K. J. Macromol. Sci. Part A Pure Appl. Chem. 2009, 46, 1114. 

86.  Deveci, S. S.; Basal, G. Colloid Polym. Sci. 2009, 287, 1455. 

87.  Gupta, K. C.; Jabrail, F. H. Int. J. Biol. Macromol. 2006, 38, 272. 

88.  Manickam, B.; Sreedharan, R.; Elumalai, M. Curr. Drug Deliv. 2014, 11, 139. 

89.  Muzzarelli, R. A. A. Carbohydr. Polym. 2009, 77, 1. 

90.  Yang, Z.; Peng, H.; Wang, W.; Liu, T. J. Appl. Polym. Sci. 2010, 116, 2658. 

91.  Parize, A. L.; Stulzer, H. K.; Laranjeira, M. C. M.; Da Costa Brighente, I. M.; De Souza, T. C. 

R. Quim. Nova 2012, 35, 1127. 

92.  Kiechel, M. A.; Schauer, C. L. Carbohydr. Polym. 2013, 95, 123. 

93.  Gharibzahedi, S. M. T.; George, S.; Greiner, R.; Estevinho, B. N.; Frutos Fernández, M. J.; 

McClements, D. J.; Roohinejad, S. Compr. Rev. Food Sci. Food Saf. 2018, 17, 274. 

94.  Huang, G. Q.; Xiao, J. X.; Qiu, H. W.; Yang, J. J. Microencapsul. 2014, 31, 708. 

95.  Prata, A. S.; Zanin, M. H. A.; Ré, M. I.; Grosso, C. R. F. Colloids Surfaces B Biointerfaces 

2008, 67, 171. 

96.  Dong, Z. J.; Touré, A.; Jia, C. S.; Zhang, X. M.; Xu, S. Y. J. Microencapsul. 2007, 24, 634. 

97.  Yuan, Y.; Kong, Z. Y.; Sun, Y. E.; Zeng, Q. Z.; Yang, X. Q. Lwt 2017, 75, 171. 

98.  Rojas-Moreno, S.; Osorio-Revilla, G.; Gallardo-Velázquez, T.; Cárdenas-Bailón, F.; Meza-

Márquez, G. J. Microencapsul. 2018, 35, 165. 

99.  Castro-Cabado, M.; Parra-Ruiz, F. J.; Casado, A. L.; San Román, J. Polym. Polym. Compos. 

2016, 24, 643. 

100.  Reddy, N.; Yang, Y. Food Chem. 2010, 118, 702. 

101.  Menzel, C.; Olsson, E.; Plivelic, T. S.; Andersson, R.; Johansson, C.; Kuktaite, R.; Järnström, 

L.; Koch, K. Carbohydr. Polym. 2013, 96, 270. 

102.  Teng, M. J.; Wei, Y. S.; Hu, T. G.; Zhang, Y.; Feng, K.; Zong, M. H.; Wu, H. J. Food Eng. 

2020, 281, 109993. 



 

103.  Farjami, T.; Madadlou, A.; Labbafi, M. Food Hydrocoll. 2015, 50, 159. 

104.  Scacchetti, F. A. P.; Pinto, E.; Soares, G. M. B. J. Appl. Polym. Sci. 2018, 135, 17. 

105.  S. M. Gawish, S. M. Abo El-Ola, A. M. Ramadan, A. A. A. E.-K. J. Appl. Polym. Sci. 2012, 

123, 3345. 

106.  Zhang, S.; Zhou, Y.; Jin, S.; Meng, X.; Yang, L.; Wang, H. J. Sci. Food Agric. 2017, 97, 182. 

107.  Vasconcelos, T.; Sarmento, B.; Costa, P. Drug Discov. Today 2007, 12, 1068. 

108.  An, Y.; Yan, X.; Li, B.; Li, Y. Eur. Food Res. Technol. 2014, 239, 1077. 

109.  Santos, S.; Medronho, B.; Santos, T.; Antunes, F. E. Amphiphilic Molecules in Drug Delivery 

Systems; 2013. 

110.  Rabišková, M.; Valášková, J. J. Microencapsul. 1998, 15, 747. 

111.  Nakagawa, K.; Iwamoto, S.; Nakajima, M.; Shono, A.; Satoh, K. J. Colloid Interface Sci. 

2004, 278, 198. 

112.  Li, Y.; Ai, L.; Yokoyama, W.; Shoemaker, C. F.; Wei, D.; Zhong, F. J. Agric. Food Chem. 

2013, 3311. 

113.  Souza, J. M.; Caldas, A. L.; Tohidi, S. D.; Molina, J.; Souto, A. P.; Fangueiro, R.; Zille, A. 

Brazilian J. Pharmacogn. 2014, 24, 691. 

114.  Petrulis, D.; Petrulyte, S. J. Appl. Polym. Sci. 2019, 136, 1. 

115.  Rezaul, M.; Shishir, I.; Ferdowsi, R. Trends Food Sci. Technol. 2019, 86, 230. 

116.  Kakran, M.; Antipina, M. N. Curr. Opin. Pharmacol. 2014, 18, 47. 

117.  Espinosa-andrews, H.; Ba, J. G.; Cruz-sosa, F.; Vernon-carter, E. J. Biomacromolecules 2007, 

8, 1313. 

118.  Bakry, A. M.; Abbas, S.; Ali, B.; Majeed, H.; Abouelwafa, M. Y.; Mousa, A.; Liang, L. 

Compr. Rev. Food Sci. Food Saf. 2016, 15, 143. 

119.  Chatterjee, S.; Salaün, F.; Campagne, C. Pharmaceutics 2014, 6, 281. 

120.  Chatterjee, S.; Salaün, F.; Campagne, C.; Vaupre, S.; Beirão, A.; El-Achari, A. Polym. Bull. 

2014, 71, 1001. 

121.  Souza, J. M.; Caldas, A. L.; Tohidi, S. D.; Molina, J.; Souto, A. P.; Fangueiro, R.; Zille, A. 

Rev. Bras. Farmacogn. 2014, 24, 691. 

122.  Espinosa-Andrews, H.; Sandoval-Castilla, O.; Vázquez-Torres, H.; Vernon-Carter, E. J.; 

Lobato-Calleros, C. Carbohydr. Polym. 2010, 79, 541. 

123.  Butstraen, C.; Salaün, F. Carbohydr. Polym. 2014, 99, 608. 

124.  Wang, D.; Chi, D. Adv. Mater. Res. 2013, 602–604, 1287. 



 

125.  Han, G.; Yang, Z.; Peng, Z.; Wang, G.; Zhou, M.; Pang, Y.; Li, P. Adv. Mater. Res. 2013, 

641–642, 935. 

126.  Hu, Y.; Yang, Z. M.; Liu, J. Y.; Cheng, J. H.; Yang, Z. H. Adv. Mater. Res. 2011, 236–238, 

2669. 

127.  Prata, A. S.; Grosso, C. R. F. Carbohydr. Polym. 2015, 116, 292. 

128.  Chang, P. G.; Gupta, R.; Timilsena, Y. P.; Adhikari, B. J. Food Eng. 2016, 191, 58. 

129.  Ocak, B. J. Environ. Manage. 2012, 100, 22. 

130.  Rutz, J. K.; Borges, C. D.; Zambiazi, R. C.; Crizel-Cardozo, M. M.; Kuck, L. S.; Noreña, C. P. 

Z. Food Chem. 2017, 220, 59. 

131.  Zemljič, L. F.; Peršin, Z.; Šauperl, O.; Rudolf, A.; Kostić, M. Text. Res. J. 2018, 88, 2519. 

132.  Chen, F.; Shi, Z.; Neoh, K. G.; Kang, E. T. Biotechnol. Bioeng. 2009, 104, 30. 

133.  Amir Dustgani, Ebrahim Vasheghani Farahani, M. I. Iran. J. Pharm. Sci. 2008, 4, 111. 

134.  Hu, J.; Xiao, Z. B.; Zhou, R. J.; Ma, S. S.; Li, Z.; Wang, M. X. Text. Res. J. 2011, 81, 2056. 

135.  Chatterjee, S.; Salaün, F.; Campagne, C. Mar. Drugs 2014, 12, 5801. 

136.  Ali, S. W.; Rajendran, S.; Joshi, M. Carbohydr. Polym. 2011, 83, 438. 

137.  Ristić, T.; Zabret, A.; Zemljič, L. F.; Peršin, Z. Cellulose 2017, 24, 739. 

138.  Roy, J. C.; Ferri, A.; Giraud, S.; Jinping, G.; Salaün, F. Int. J. Mol. Sci. 2018, 19. 

139.  Antunes, L.; Faustino, G.; Mouro, C.; Vaz, J.; Gouveia, I. C. Cienc. e Tecnol. dos Mater. 

2014, 26, 118. 

140.  Chatterjee, S.; Salaün, F.; Campagne, C.; Vaupre, S.; Beirão, A. Carbohydr. Polym. 2012, 90, 

967. 

141.  Lam, P. L.; Li, L.; Yuen, C. W. M.; Gambari, R.; Wong, R. S. M.; Chui, C. H.; Lam, K. H. J. 

Microencapsul. 2013, 30, 143. 

142.  Javid, A.; Raza, Z. A.; Hussain, T.; Rehman, A. J. Microencapsul. 2014, 31, 461. 

143.  Sánchez-González, L.; Cháfer, M.; González-Martínez, C.; Chiralt, A.; Desobry, S. J. Food 

Eng. 2011, 105, 138. 

144.  Rajendran, R.; Radhai, R.; Balakumar, C.; Ahamed, H. A. M.; Vigneswaran, C.; Vaideki, K. J. 

Eng. Fiber. Fabr. 2012, 7, 136. 

145.  Chandrasekar, S.; Vijayakumar, S.; Rajendran, R. Biomed. Aging Pathol. 2014, 4, 59. 

146.  Chaiyasat, A.; Namwong, S.; Uapipatanakul, B.; Sajomsang, W.; Chaiyasat, P. Int. J. 

GEOMATE 2018, 14, 91. 

147.  Perelshtein, I.; Ruderman, E.; Perkas, N.; Tzanov, T.; Beddow, J.; Joyce, E.; Mason, T. J.; 



 

Blanes, M.; Mollá, K.; Patlolla, A.; Frenkel, A. I.; Gedanken, A. J. Mater. Chem. B 2013, 1, 

1968. 

148.  AbdElhady, M. M. Int. J. Carbohydr. Chem. 2012, 2012, 1. 

149.  Fei, B.; Xin, J. H. Am. J. Trop. Med. Hyg. 2007, 77, 52. 

150.  Fan, F.; Zhang, W.; Wang, C. Cellulose 2015, 22, 1427. 

151.  Vijayan, V.; Reddy, K. R.; Sakthivel, S.; Swetha, C. Colloids Surfaces B Biointerfaces 2013, 

111, 150. 

152.  Feczkó, T.; Kokol, V.; Voncina, B. Macromol. Res. 2010, 18, 636. 

153.  Liu, X.; Huang, L.; Chen, H.; Qian, M. C.; Ji, H. Flavour Fragr. J. 2019, 1. 

154.  Dong, Z.; Ma, Y.; Hayat, K.; Jia, C.; Xia, S.; Zhang, X. J. Food Eng. 2011, 104, 455. 

155.  Jamekhorshid, A.; Sadrameli, S. M.; Farid, M. Renew. Sustain. Energy Rev. 2014, 31, 531. 

156.  Decher, G.; Schlenoff, J. B. Multilayer thin films; 2012. 

157.  Alonso, D.; Gimeno, M.; Sepúlveda-Sánchez, J. D.; Shirai, K. Carbohydr. Res. 2010, 345, 

854. 

158.  Monllor, P.; Bonet, M. A.; Cases, F. Eur. Polym. J. 2007, 43, 2481. 

159.  Schindler, W. D.; Hauser, P. J. Chemical Finishing of Textiles; 2004. 

160.  Roy Choudhury, A. K. Principles of Textile Finishing; 2017. 

161.  Wardman, R. H. An Introduction to Textile Coloration: Principles and Practice; John Wiley 

& Sons: UK, 2008. 

162.  Bhattacharya, A.; Misra, B. N. Prog. Polym. Sci. 2004, 29, 767. 

163.  Singh, N.; Yadav, M.; Khanna, S.; Sahu, O. Sustain. Chem. Pharm. 2017, 5, 22. 

164.  Hassan, M. M.; Sunderland, M. Prog. Org. Coatings 2015, 85, 221. 

165.  Fan, Q.; Ma, J.; Xu, Q.; An, W.; Qiu, R. Prog. Org. Coatings 2018, 125, 215. 

166.  Fouda, M. M. G.; El-Aassar, M. R.; Al-Deyab, S. S. Carbohydr. Polym. 2013, 92, 1012. 

167.  Liu, X.; Huang, L.; Chen, H.; Qian, M. C.; Ji, H. Flavour Fragr. J. 2020, 35, 149. 

168.  Morais, D. S.; Guedes, R. M.; Lopes, M. A. Materials (Basel). 2016, 9, 1. 

169.  Ammala, A. Int. J. Cosmet. Sci. 2013, 35, 113. 

170.  Czajka, R. Fibres Text. East. Eur. 2005, 13, 13. 

171.  Adamowicz, E.; Śmigielski, K.; Frydrysiak, M. Tekstil 2015, 64, 122. 

 


