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The biopolymer functionality depends on several factors apart from their structure and composition, such as the

type, quality, and quantity of the solvent used and the processing technique used to build the final structure that will

determine the interaction of the materials. The main processing techniques for bio-based polymers from renewable

sources are discussed in detail.

biopolymer  casting  coating  electrospinning  3D printing

1. Solvent Casting Method

The solvent casting method, also known as the solution function or wet processing method, consists of creating an

aqueous or hydroalcoholic mixture with the presence of the biopolymer. This method is based on the use of a

solvent that allows the polymer to be suspended in a film-forming solution followed by solvent evaporation and

polymer chain reformulation . Alcohol, water, or other organic solvents are commonly used to dissolve the

selected polymer. Sometimes, for the best results, the suspension polymer solution is heated, or the pH adjusted.

The polymer–solvent mixture is poured into a mold, drum, or flat surface, where it is left to dry for a specific time.

Once the solvent is completely evaporated, the polymeric matrix is formed and can be peeled off from the mold 

. Figure 1 shows an outline of the solvent casting method.

Figure 1. Solvent casting method scheme.

Casting is a simple method. However, there are a series of requirements to consider when applying the technique.

One of the most important points is the solvent chosen to dissolve the polymer. If the polymer–polymer attraction

forces in a solution are weaker than the polymer–solvent interactions, the chain segment will be stretched by

solvent molecule diffusion. This results in swelling of the polymer matrix with the solvent. However, it should be

[1]

[2]

[3]



Biopolymers’ Processing Methods | Encyclopedia.pub

https://encyclopedia.pub/entry/44166 2/20

noted that the dissolution capacity of a polymer varies depending on the solvent, hence the choice of solvent is an

important point .

The molecular weight of the polymer to be used is another important point of this process. The molecular weight of

the polymer affects the rate of solvent penetration. It was shown that higher molecular weight polymers dissolved

more slowly compared to lower molecular weight polymers . This is attributed to the fact that the high molecular

weight polymer chain undergoes a slower rate of relaxation because it has greater entanglement in the chains.

High molecular weight chains are unable to contract rapidly during environmental cooling, thus generating a larger

free volume. For that reason, the higher the molecular weight, the greater the solvent penetration rate . Moreover,

this kind of biopolymer has sufficient cohesive strength and coalescence capacity. Another important requirement is

that the polymer must be soluble in a volatile solvent or water. For best results, a stable solution with a suitable

viscosity should be created . The temperature and humidity of the environment are critical points for the process

to develop correctly .

The main advantage of the casting method is the ease of developing the method without the need for special and

expensive equipment . As casting is a wet process, there is better particle–particle contact, which results in more

homogeneous particle packaging and smaller and fewer defects . On the other hand, a disadvantage of this

method is the restrictions on the shape of the final product, which is usually simple sheets and shapes . Perhaps

the biggest challenge is to apply the solvent method on an industrial scale, since multiple variables, such as

temperature and humidity, can cause variations in the quality of the final product .

Table 1 shows a compilation of the main applications of biopolymers according to the production method. For

instance, the solvent casting method has been widely applied to the preparation of active or smart films for food

applications. Examples include the development of carboxymethyl-cellulose/starch/purple sweet potato

anthocyanin films that change color when fish begins to have pH/ammonia levels typical of contamination  or a

chitosan-based film with the addition of sandalwood essential oil to retard lipid oxidation of butter . Polymeric

films based on cellulose nanocrystals and lignin nanoparticles were combined with poly(lactic acid) to provide

antibacterial activity against a pathogen (Pseudomonas syringae) attacking tomatoes . Film characteristics such

as density, compactness, porosity, permeability, flexibility, and brittleness are all influenced by the polymer matrix’s

degree of cohesion . Cellulose derivatives and starch are the most commonly used polysaccharides for the

manufacture of these films. Nevertheless, the low elasticity of the materials is a significant drawback that restricts

their use. In order to facilitate the correct development of the process, tricks are used, such as cosolvent systems

or the addition of additives such as wrecking agents, plasticizers, etc. . The main non-volatile plasticizers used

are glycerol, sorbitol, propylene glycol or polyethylene glycol . However, due to its great availability, excellent

plasticizing efficacy, and low exudation, glycerol is the plasticizer most commonly used .

Table 1. Methods of biopolymer processing and applications. CMC is carboxymethylcellulose, PLA is polylactic

acid, PHA is polyhydroxyalkanoate, and PCL is polycaprolactone.
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Production Method Biopolymer Application References

Solvent casting

CMC, starch
Detection of content of total volatile basic nitrogen

value in contaminated fish

Chitosan Retard lipid oxidation of butter

Alginate Wound dressing application

Keratin, gelatin Wound healing recipe for in vivo studies

Chitosan
PCL/PLA

Controlled release patches for insulin
Engineering of scaffold for tissue engineering

Coating

Alginate Extend shelf life of fresh-cut watermelon

Chitosan
Delays ripening and reactive oxygen species in

guava fruits after harvesting

Gelatin
Bioactive packaging to prolong the shelf life of

strawberries

Cellulose Bone tissue regeneration in vivo

Chitosan
PCL

Antiosteomyelitis drug release and bone repair
Bone healing and osteogenesis promoter

Electrospinning

Chitosan Release of paclitaxel to kill prostate cancer cells

Gelatin Scaffold for skin tissue engineering

Alginate Antioxidant/antimicrobial active packaging

Chitosan,
collagen

Guided bone regeneration

Silk fibroin
PCL

Promoting bone cell growth
Scaffolds promoting corneal keratocyte growth and

proliferation

3D printing

Collagen,
alginate

Bioink for the creation of cartilaginous tissue

Chitosan Cell adhesion and growth, tissue engineering

Starch Beads for bioactive compound release

Starch
PLA

Structural enhancement for 3D printing of surimi
Tubular scaffolds for bone tissue engineering

Injection molding Chitosan
Starch
PLA

Development of matrix biopolymer for
agricultural/packaging applications

Creation of cassava starch/sodium alginate
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Although film formation for food applications is the most common application, this technique is used in other areas.

Multiple studies related to the biomedical field apply the solvent casting method to develop novel films. An alginate-

based film enriched with aloe vera gel and cellulose nanocrystals as a wound dressing was developed .

Additionally, a biopolymer film based on keratin, fibrin, gelatin, and mupirocin that served as a substitute for wound

healing was evaluated . In the field of drug delivery, the solvent casting technique was used to create

transdermal patches containing insulin–chitosan nanoparticles, achieving a controlled release of the insulin .

The casting method was also applied to biopolyesters such as PCL/PLA, where once dissolved in chloroform they

gave rise to scaffolds for tissue engineering. These scaffolds showed a better biological behavior, with a reduced

pore size that favors cell growth .

2. Coating Method

Coating consists of the application of a solution-based coating made of a polymer or a mixture of components. This

solution is applied on a surface, usually called a substrate. The coating method differs from the solvent casting

method in the way of application. The purpose of the coating can be technical, decorative, or both . Within the

coating method, varieties can be found: the dipping process is the oldest technique and consists of immersing the

product in the coating solution. It is commonly used in the food industry, for example, for coating vegetables and

fruits to act as barrier against moisture and gases . The brushing process is when the coating is applied

directly to the surface of the product with a brush or brushing equipment . In the spraying process, the final

product is sprayed with many drops of the coating solution. Hydraulic spray nozzles, high-pressure spray guns, or

air atomization systems are often used to facilitate the process . In electrical spraying, the coating solution

passes through the atomizer nozzle connected to a source of high electrical potential . Figure 2 shows the

coating method and its different modalities.

Production Method Biopolymer Application References
PCL

PLA/PHA
composites

Development of high-temperature-resistant
stereocomplex PLA

Creation of crayfish protein–PCL biocomposite
material

Development of PLA/PHA nanocomposites

Compression
molding

Chitosan Film production

Wheat gluten Film production

Cassava starch Film production for cold-stored pork meat slices

Fish gelatin Film production

Extrusion

Starch/Gelatin
PLA
PLA
PHA

Starch/Chitosan

Film production
Film production

Development of antioxidant film
Development of PHA/thermoplastic starch film

Development of corn starch/chitosan film

Grafting
copolymerization

Chitosan Biomedical field

Chitosan Water treatment for the removal of heavy metals

Lignin Wood composite manufacturing

Cellulose Green composite applications
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Figure 2. Diagram of the different coating methods.

Generally, the coating method has three important stages :

immersion or permanence time: the substrate is plunged into the precursor solution at a constant speed to give

the substrate enough interaction time with the coating solution (in the dipping method). After this, it is left to

stand for a certain time.

Deposition and drainage: a thin layer of the precursor solution is entrained by drawing the substrate upward at a

constant rate. Water that is in excess will drain off the surface.

Evaporation: the solvent evaporates, creating a thin film. This process can be accelerated by hot drying.

Coatings can be made from biological materials such as lipids, polysaccharides, and proteins. Polysaccharides and

proteins are interesting materials since they can form cohesive molecular networks through strong interactions

between molecules, such as hydrogen bond, van de Waals interactions, or crystallization. These molecular

cohesions give the coating a good barrier property to gases (mainly O  and CO ), and good mechanical properties

. Polyols that act as plasticizers (e.g., glycerol or polyethylene glycol) or acid/base substances (e.g., acetic

or lactic acid) that control pH are typically included as minor components. The biopolymers applied in the coating

method are usually prepared in aqueous solutions. However, there is a lack of studies on the influence of the

solvent applied in the coating process.

The solubility of the biopolymers together with the viscosity of the final solution depends on the molecular weight of

the polymer. A high polymer molecular weight results in a more viscous solution, but also decreases the solubility of

the polymer . On the other hand, creating a coating that adheres properly to the surface of the final product
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requires an estimation of the interfacial tension between the coating solution and the product surface . For

compatibility between the surface and the solution, an interesting action is to reduce the surface tension of the

coating solution. This reduces the interfacial tension and improves adhesion between the product and the coating

.

A positive aspect of the coating method is that this is a process where it is not necessary to spend large amounts of

substrate since the layers that are created rarely exceed micrometers of thickness. It is also a simple and

inexpensive method compared to other polymer production methods, in addition to having a high adhesion capacity

in the coating of complex geometries . Although it is a method that brings great benefits, it also suffers from

certain disadvantages that diminish its reliability. For instance, there are negative thermal effects such as cracking

or delamination, effects due to lack of atmospheric protection (e.g., penetration of contaminants into the substrate),

and limitations of the coating materials, such as different melting points, availability in various forms such as

sheets/powders, biocompatibility between the components of the coating solution, among others .

There are multiple studies where the biopolymer coating technique is applied. The main field of application is the

food industry. In this field, edible coatings are applied directly to food and consumed as part of it. They have been

used to prevent moisture migration or create shiny surfaces to make food more appealing to consumers. Most of

the studies conducted on foods are on fruits and vegetables. For instance, an edible alginate-based coating for

application on fresh-cut watermelon was used . The coating maintained quality and sensory acceptability, as

well as extended the shelf life of the food product. Chitosan-based coatings have also been developed to delay the

ripening of fruits such as guava and prolong their quality . Gelatin-based coatings incorporated with Mentha

pulegium essential oil significantly inhibited the presence of molds and yeasts in strawberries stored at 4 °C .

On the other hand, materials engineering based on polymer coating for drug loading/release, cell

immobilizations/protection, or antibacterial/antiviral applications is an area of great interest. For instance, a

cellulose nanofibril-based coating was applied on a 3D scaffold obtained from bone marrow, thus promoting

adhesion, proliferation, and osteogenesis of bone tissue cells . Likewise, TiO -SiO /chitosan–lysine-based

coatings were loaded with a drug to combat osteomyelitis. The research showed that the drug was released

correctly and could be used as a drug delivery vehicle . PCL dissolved in dichloromethane was used as a

coating to improve the strength of a bone implant screw. The research in rats concluded that thicker, denser bone

had formed around the PCL-coated screw in the animals’ femurs .

3. Electrospinning Method

Electrospinning is a technique in which a high electrical voltage created between two electrodes is used to

generate charged strands of polymer at a specific flow rate. These fibers typically range in diameter from 2 nm to

several micrometers . The polymer solution is drawn through a nozzle with a high-voltage electric field using

mechanical pressure combined or by gravity alone. This is followed by solvent evaporation, which causes the

production of solid fiber . Figure 3 shows a schematic of the electrospinning process. Generally, ordinary

basic electrospinning equipment consists of four main elements:
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Figure 3. Diagram of the electrospinning method.

an electric field, which is applied on the needle containing the solution with which the spinning is performed, and

the collector connected through two electrodes.

A flow-controlling syringe pump for supplying the rotating solution.

A syringe with a capillary tube or spinneret to hold the spinning fluid and a metal needle with a flat end.

An electrically conductive collector (target) present in various shapes.

Although it is a relatively simple method, there are several parameters that influence the subsequent

characteristics of the fibers generated. These parameters to consider could be classified into three areas: solution,

process, and environment. The cleanliness and safety of electrospinning are closely related to the solvent used in

the solution, which can be water or organic solvents. The application of water as a solvent is becoming more and

more frequent. However, this greatly restricts the choice of polymeric materials due to the low presence of water-

soluble polymers . In addition, the final product should undergo crosslinking to provide stability to the water

present in the nanofibers . Low-solubility solvents are also recommended, since solutions with better

electrospinning capacity are obtained . In addition, the surface tension of the solvents is important. By lessening

the surface tension of the solution, bead-free fibers can be produced. For instance, cellulose fibers using two

different solvents, acetone and dimethylacetamide, were manufactured . The authors observed that when the

solvents were used individually the fibers had beads. However, when applied together, the fibers were produced

without beads. The viscosity of the solution is another key point that affects the subsequent behavior of the process
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and the quality of the product obtained. The viscosity of the solution is related to the molecular weight of the solute

and the concentration of the polymer used . Low molecular weight polymer solutions form beads instead of

fibers, therefore it is interesting to use high molecular weight solutions with a suitable viscosity to create the fibers

correctly .

Regarding the electrospinning process, the voltage applied directly affects the fiber diameter. If the applied voltage

is high, a large volume of polymer solution is expelled, resulting in larger diameter fibers . Additionally, the flow

rate through the syringe nozzle will influence the final morphology of the fibers. If the flow velocity is high, the

solvent evaporation rate is lower, and this means inadequate drying with the presence of beads on the fibers. On

the other hand, if the speed is low, the solvent will have more time to evaporate. It is important to find the right

speed point to obtain the best result .

Temperature and humidity are among the parameters to be considered in relation to the environment while

fabricating electrospun fibers. Studies showed that at higher temperature the viscosity of the solution decreases,

generating fibers of smaller diameter. On the other hand, the higher the humidity in the environment, the smaller

the pores in the fiber structure . In addition, humidity influences the evaporation of the solvent as well. A

relatively high humidity is recommended because if the humidity is too low, the solvent can cause clogging at the

needle tip of the equipment .

The polymeric fibers generated from this process have a large specific surface area, high porosity, and high

absorbency capacity, which makes them interesting for applications that it will be mentioned below .

Electrospinning can be used with both synthetic and natural polymers, however, the latter have received a lot of

attention in recent years . Natural polymer nanofibers have properties such as low antigenicity or

antimicrobial capacity, that make them interesting for many applications. However, the main limitations of natural

polymers are that they are more difficult to process and have poorer mechanical properties. Therefore, synthetic

and natural polymers are usually used together to improve the properties of the fibers.

Compared to other methods, electrospinning is easy to handle, cost effective, with a high loading capacity, and

applicable at room temperature. Additionally, the micro/nanofibers produced by the electrospinning method have

shown distinctive characteristics, such as a high surface/volume ratio, significant porosity, adjustable mechanical

characteristics, and changeable morphologies . Although successful fabrication and manufacturing of

electrospun nanofibers have been carried out continuously, some critical drawbacks are associated with the

processing parameters such as the viscosity of the solution and surface tension, among others .

Originally, this technique was used in the textile industry , but nowadays it is an interesting method for the

economical and efficient manufacture of food packaging. According to the literature, polysaccharide and protein-

derived polymers are the most widely used polymers in the electrospinning method. Specifically, collagen, gelatin,

chitosan, cellulose, and alginate are the most used. Biomedical applications and wound healing are the most

common fields where this technique is applied. For example, electrospinning has developed collagen-based fibers

that showed improved healing progression . The high porosity of biopolymer nanofibers favors gas exchange
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through the wound, preventing desiccation and dehydration . Chitosan-coated collagen nanofibers enabling

bone regeneration in a mesenchymal stem cell study were developed . Additionally, nanofibers created from

polycaprolactone and natural silk fibroins were shown to have high cellular biocompatibility and to promote cell

growth of damaged bone tissue . Gelatin/polyvinyl alcohol/chondroitin sulfate nanofibrous scaffolds for skin

tissue engineering were also developed . PCL was used as a material in the electrospinning technique for the

creation of scaffolds that favored the growth and proliferation of corneal keratocytes. This use is interesting for

corneal wound healing . More studies are needed on the use of polymeric fibers made by electrospinning in the

food industry. For instance, zein/sodium alginate nanofibers were developed  that were shown to exhibit

antioxidant/antimicrobial effects and could be applied as an active inner layer of laminated films for food

applications.

4. Three-Dimensional Printing Method

Three-dimensional printing makes it possible to manufacture objects by layering a material with the help of a print

head and a nozzle. The selected material is applied on a substrate with a specific geometry that has been pre-

designed . Then, during the construction process, the different layers of the selected material are poured in.

Finally, the structures are removed from the support. Depending on the type of printing, a curing phase may be

necessary . Figure 4 shows the process carried out by the 3D printer.

Figure 4. Schematic diagram of the 3D printing method.

Several essential requirements must be met for the equipment to be properly used in 3D printing procedures. The

pressure-driven extrusion flow rate depends on the viscosity of the biopolymer used and, if it reaches the required

volume flow rate under conventional system pressure, it is a suitable material. The formation of a bead with a table

geometry is another key point, which depends on the superficial energy of the system. However, it is normal for

certain residual stresses to appear within a component that is formed layer by layer .
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Assuming these requirements are met, it is important to know the physicochemical characteristics of the

biopolymer to be used as printing ink. First of all, the thermal property is the ability of the material to melt or solidify

and, consequently, the transition temperature of the biopolymer from the fluid to the solid state must be known .

Rheological properties refer to the ability of the biopolymer to flow. For instance, it is sometimes of interest that

they exhibit plastic-like behavior, with the fluid flowing through the nozzle but solidifying rapidly when the nozzle

pressure is removed . Likewise, the ability of the material to flow through the nozzle when a force is applied,

also known as slip or surface property, is a point to be considered. The lower the surface tension of the material,

the more likely it is to spread when it comes into contact with a surface .

Currently, the adoption of this technique remains complex due to the scarcity of printable materials that are

environmentally friendly and meet performance and manufacturing requirements . Moreover, biopolymers

cannot be used in their natural form, and it is an effort to convert them into raw materials for this technique. Certain

biopolymers have inherently poor physicochemical properties, such as insolubility in common solvents, which

complicates the process . However, 3D technology has interesting advantages, such as the fabrication of

complex structures and the fabrication of customized designs composed of different components . In addition,

material waste is reduced, making manufacturing more cost effective . Among the most important

limitations are the time required to perform the technique and the cost of the equipment .

This technique has important applications that can revolutionize sectors such as medical applications. Complex

constructions can be made using 3D printing technology to replace or repair worn-out bone and cartilage tissues.

For the repair of these, biopolymers such as alginate are frequently utilized . A collagen–alginate

combination was tested as bioink for the creation of cartilage . This cartilage had favorable mechanical strength

and biological functionality . Another biopolymer commonly used in this technique is chitosan. A chitosan

hydrogel scaffold through 3D printing was developed . A biopolymer-based scaffold with remarkable adhesion

and proliferation capacity of human fibroblasts was achieved. Additionally, starch is made up of heat- and pressure-

sensitive molecules, which facilitates the depolymerization process produced in 3D printing. This depolymerization

modifies the structure and the physical and chemical properties of the biopolymer, making it interesting for

applications such as functional food . As a biopolyester, PLA was the material used for the bioprinting of tubular

scaffolds for application in bone tissue engineering. The application of this material showed stable mechanical and

thermal properties over time . Three-dimensionally printed starch beads for the release of bioactive compounds

in foodstuffs were manufactured . The porosity feature could be attractive for application in bioactive

compound/drug delivery in the food or pharmaceutical industry. In addition, this biopolymer has potential

applications in the food industry. Starch is frequently used as a thickening/gelling agent or a rheological modifier in

the field of 3D food printing. Sweet potato-derived starch as a structural enhancer of three-dimensional printing was

used . Its application even extends to the manufacture of customized foods, where packaging based on

cellulose was developed for use with foods with low moisture content .

5. Injection Molding Method
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Injection molding is one of the most widely used methods for manufacturing biopolymer-based products. Figure 5

shows the injection molding process. This process consists of three steps :

Figure 5. Schematic diagram of the injection molding method.

filling: the polymer is melted at high temperature and quickly fills a cold mold to form a cavity with the desired

shape of the product.

Packing/holding: the pressure is increased, and additional material is pressed into the mold to offset the effects

of temperature decline and crystallinity growth on density during the solidification.

Cooling: this stage begins when solidification occurs at the entrance of the cavity. From this point on, no more

material will enter or leave the mold, and the retaining pressure can be released. The time to eject the mold is

when the solid layer of the surface reaches a sufficient thickness to provide rigidity.

Like the other methods, this process causes important changes in the properties related to the rheology and

thermomechanics of the biopolymers due to stress variations during the process, high temperature, and cooling

rate of the final product . Therefore, it is important to thoroughly analyze the factors that affect injection molding

before deciding to manufacture a product. These factors can be divided into two categories :

machine parameters: these include the barrel, nozzle, and coolant temperatures. Pressure is influenced by

packaging pressure, back pressure, and injection pressure. It is also important to take into account the

movement, switching point, injection speed, and shot volume.

Process parameters: these include the mold temperature and the melting and cooling temperature in addition to

injection, holding, and cooling time, mold opening speed, injection, and heat/cooling dissipation.

Part dimensions, sink marks, resistance to weld lines, and other aesthetic defects such as irregular textures or

marks are parameters used to determine part quality indexes .

[107]

[108]

[109]

[109]



Biopolymers’ Processing Methods | Encyclopedia.pub

https://encyclopedia.pub/entry/44166 12/20

The application of biopolymers in this technique is limited since the melting temperature used in this method is

many times higher than the decomposition temperature of biopolymers such as chitosan. However, a

chitosan/thermoplastic starch-based polymeric matrix was developed and subjected to injection molding followed

by molding compression . Starch is another biopolymer characterized by low mechanical properties and high

water absorption. Sodium alginate in cassava starch was applied to injection molding, creating a composite that

showed good compatibility between the two phases and improved mechanical properties . On the other hand,

the PLA biopolyester has favorable mechanical properties compared to other biopolymers, making it interesting to

use it in this technique. Stereocomplex PLA formulations subjected to injection molding at different mold

temperatures were produced. PCL combined with crayfish meal was used to create biocomposites. An

improvement in the mechanical properties of the systems with the presence of PCL was observed . This process

is also carried out for the development of PLA/PHA nanocomposites. Although PHA has a similar chemical

composition and flow temperature to PLA, it is not processable. However, when combined with PLA, it acts as a

nucleating agent, which means that it improves the mechanical properties and the barrier behavior of the material

.
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