
ABSTRACT 
 

ASADUZZAMAN, FNU. Enzyme Functionalized Solution Blown Nonwovens. (Under the direction 
of Dr. Sonja Salmon). 
 
 
This Ph. D. dissertation presents the innovation and development of a new category of functional 

materials that uses a solution blown spinning (SBS) process to produce novel, useful biocatalytic 

functionalized nonwovens. SBS is a rapid, mild nanofiber formation process that is not limited to 

thermal-plastic polymers or high dielectric constant solvent-soluble polymers. With the SBS 

technique, it was possible to achieve single-step enzyme immobilization into polymeric carriers 

from enzyme-compatible polymer solutions. The goals of this research were to explore 

techniques for preparing polymer-solvent-enzyme compatible triads, optimize solution spinning 

processes for producing enzyme functionalized solution blown nonwovens (EFSBN), and validate 

the anticipated application features of EFSBN.    

 

Chapter 1 is a review of the literature to assess the potential for compatible polymer-solvent-

enzyme triads for co-immobilization solution processing to increase immobilization yield and 

reduce immobilization complexity. The particular focus is to produce enzyme compatible 

polymer solutions in an organic solvent for solution blown spinning process where in-situ fiber 

formation and enzyme immobilization happen. In-situ co-immobilization is one of the promising 

methods in enzyme immobilization due to its high enzyme loading, versatility, and single-step 

fabrication processability. However, the stability and compatibility of enzymes in polymer 

solutions (especially organic solvent-soluble polymer solutions) are challenging. Enzymes may 

denature in the presence of organic solvents or at elevated temperatures, limiting how enzymes 



can be combined with organic solvent-soluble polymers. This chapter discusses strategies for 

producing compatible polymer-solvent-enzyme triads that span aqueous and non-aqueous 

fabrication requirements.  

 

Chapter 2 reports the novel production of unique enzyme functionalized solution blown 

nonwoven (EFBSN) webs from aqueous soluble polyethylene oxide (PEO) polymer solution by the 

solution blow spinning method. Protease co-immobilization via entrapment in PEO nanofibers by 

solution blowing was demonstrated as a simple and efficient process for loading a broad 

concentration range of enzymes. The rapidly water-soluble and non-dusting EFSBN solid 

materials preserve a high enzyme activity level over long periods of ambient storage without 

adding a stabilizer and are easy to handle, making EFSBNs a potential alternative format for 

delivering enzymes in products that require fast-dissolving solid formulations, like detergents. 

 

Chapter 3 reveals an approach to produce an enzyme (CALB) compatible polycaprolactone (PCL)-

chloroform solution for enzyme co-immobilization via entrapment in PCL nanofibers. CALB 

enzymes survived in the microemulsion (water-in-oil) of the PCL-chloroform-CALB compatible 

triad and retained around half of their initial activity after solution blow spinning. These novel 

CALB-loaded-EFSBN-PCL webs demonstrated stability under ambient environments while 

enabling facile enzymatic degradation (completely degraded within 15-60 mins) in buffer. The 

unique degradation properties of EFSBN-PCL can be exploited for degradable packaging material 

applications under ambient conditions and simple waste management after use. 



Chapter 4 investigates enzyme post-immobilization on a durable polymer carrier. Polystyrene 

(PS) solution blown nonwoven (SBN) nanofibers were employed for CALB adsorption on the SBN-

PS fiber surface from a CALB-buffer solution. The high surface area of nanofibers enables high-

quantity enzyme adsorption and over two-thirds catalytic activity compared to free enzymes. The 

homogenously distributed immobilized CALB on the nanofiber surface had good storage and 

thermal stability. The durable (water-insoluble) EFSBN-PS were easy to separate from the 

reaction mixture and showed over 70% of the initial lipase activity after fifteen reuse cycles.  

 

Chapter 5 summarizes recommendations for future research in applying and commercializing 

EFSBNs. EFSBN production using solution blow spinning for a range of enzymes and polymers and 

their related commercial applications, as well as some issues that must be addressed, are 

discussed in this chapter, along with the potential solutions.  
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1. Chapter 1:    Literature Review on Enzyme Immobilization: Polymer-

Solvent-Enzyme Compatibility 

The content of this chapter was previously published with the following citation: Asaduzzaman, 

Fnu, and Sonja Salmon. "Enzyme immobilization: polymer-solvent-enzyme compatibility." 

Molecular Systems Design & Engineering (2022), 7, 1385-1414. 

 

Abstract: 

Immobilization improves enzyme stability, allows easy enzyme separation from reaction 

mixtures, and enables repeatable use over prolonged periods, especially in systems requiring 

continuous chemical reactions. Immobilization also delivers enzymes for controlled release or 

promotes triggered degradation of entrapping materials. Polymeric materials in different 

physical forms, such as films, beads, coatings, and fibers, are increasingly used as support 

matrices for enzyme immobilization because they are easily fabricated and offer excellent 

mechanical versatility. Enzymes are generally compatible with water environments and can be 

mixed with water-soluble polymers and dried to produce immobilized enzyme products. 

However, while important, the utility of such water-soluble materials is limited. Many durable 

polymers, especially synthetic polymers, are intrinsically hydrophobic and not water-soluble. 

They are processed into different shapes by melting or solubilizing them in organic solvents. 

However, enzymes may denature in the presence of organic solvents or at elevated 

temperatures, limiting how enzymes can be combined with hydrophobic polymers. Fortunately, 

research has revealed several approaches for successful enzyme incorporation into polymer 

matrices that rely on solution processing with organic solvents. This review discusses strategies 

for producing immobilized enzymes by solution processing methods. Compatible polymer-

solvent-enzyme triads that span aqueous and non-aqueous fabrication requirements are 
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identified. Finally, based on the existing research on enzyme immobilization using enzyme 

compatible polymer solutions, prospects for future developments are summarized. 

Keywords: Enzyme, immobilization, supporting materials, polymer, solvent, compatibility. 

 

1.1. Introduction 

Enzymes are protein-based natural biocatalysts. They are highly specific, selective, and have 

exceptional catalytic activity for chemical and biochemical reactions. Because enzymes function 

selectively and efficiently at mild conditions, such as at near-neutral pH, ambient temperatures, 

and pressures, enzymes are utilized in numerous commercial applications to replace 

conventional harsh chemicals and save energy.1,2 Many commercial enzyme applications are 

operated as batch processes, where enzymes are delivered to the substrate as an aqueous 

solution, incubated for some time, often with mixing, and are disposed of afterward along with 

the effluent process water.3 Economic feasibility of batch processes require that sufficiently low 

amounts of ŜƴȊȅƳŜǎ ŀǊŜ ǳǎŜŘ ŜŀŎƘ ǘƛƳŜ ǘƻ άŀŦŦƻǊŘέ ǎƛƴƎƭŜ-use. Enzyme requirements for 

industrial applications and physical forms vary among crude enzymes, purified, or immobilized 

enzymes.4 For example, while different industrial carbohydrate processes may require enzyme 

amounts in the form of 0.5 g pure enzyme, 2-5 g cell-free enzyme extract, or 10-60 g whole-cell 

wet weight per kilogram of product produced, immobilized enzyme processes (e.g., high fructose 

corn syrup production using glucose isomerase) can require only 0.05 g formulated biocatalyst/kg 

product.5 For some applications, the consumption of biocatalyst is high (e.g., the enzymatic 

reduction of a prochiral ketone to a chiral alcohol required 9 g/L ketoreductase biocatalysts for 

160 g/L substrate loading)5, limiting the economic feasibility for industrial applications.6 
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Economically viable conversion levels for these types of applications could only be achieved by 

recycling enzymes. However, the separation and reŎƻǾŜǊȅ ƻŦ ǎƻƭǳōƭŜ όƻǊ άŦǊŜŜέύ ŜƴȊȅƳŜǎ ŦǊƻƳ ŀ 

reaction medium after an enzymatic reaction is time-consuming and inefficient.7 Therefore, the 

separation of enzymes is a crucial problem in real applications. Also, enzymes tend to function 

optimally within narrow reaction conditions. Partially this is due to chemical mechanisms that 

occur in the enzyme active site, e.g., reactions may require a specific pH for proper chemical 

group ionization. More generally, poor heat stability is caused by irreversible unfolding 

όŘŜƴŀǘǳǊƛƴƎ ƻǊ άƳŜƭǘƛƴƎέύ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴϥǎ ǘƘǊŜŜ-dimensional (3D) structure, which physically 

disrupts the active sites or makes them inaccessible due to molecular agglomeration. The 

conditions for optimal catalytic activity and protein structural stability are not necessarily the 

same, resulting in poor longevity and often making soluble enzyme recycling impractical.8,9  

 

AǘǘŀŎƘƛƴƎ όάƛƳƳƻōƛƭƛȊƛƴƎέύ ŜƴȊȅƳŜǎ ƻƴ ƻǊ ƛƴǘƻ ǎƻƭƛŘ ǎǳǇǇƻǊǘƛƴƎ ƳŀǘŜǊƛŀƭǎ Ŏŀƴ ƘŜƭǇ ƛƳǇǊƻǾŜ 

enzyme pH10, thermal11, and storage11 stability while overcoming recyclability issues that limit 

the broader use of enzymes. Enzyme embedded in solid carriers facilitates recycling and reuse in 

biocatalytic continuous processes that helps to increase biocatalyst utilization.12 Immobilized 

enzymes overcome drawbacks of free enzymes by improving performance properties including 

activity, selectivity, specificity and purity.13,14 In addition, immobilized enzymes are more 

resistant to inhibitors which may extend the operating longevity.13 Immobilized enzymes also 

enhance product quality by avoiding protein contamination in the final product and improve 

process efficiency and control by allowing prolonged use or rapid termination of enzymatic 

catalysis.15 Immobilized enzymes can be removed from process liquids by simple methods like 
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filtration16 or centrifugation17 or more sophisticated techniques like magnetic recovery.18 

Ultimately, these benefits must provide sufficient advantages to overcome immobilization costs. 

Sufficiently high productivity levels are needed to justify using immobilized enzymes, estimated 

at 2,000-10,000 kg product/kg immobilized enzyme for commodity applications and 50-100 kg 

product/kg immobilized enzyme for premium applications, like pharmaceutical products. By 

comparison, even higher productivity levels of 5,000-20,000 kg product for commodity 

applications and 100-250 kg product for premium applications are required when using non-

immobilized enzymes.19 Although immobilization processes incur some cost, in successful 

applications, the higher productivity levels achieved through recycling and other intrinsic benefits 

of making the biocatalyst easily separable from the reaction mixture accommodate this. Based 

on their advantages, immobilƛȊŜŘ ŜƴȊȅƳŜǎ ƘŀǾŜ ōŜŜƴ ǿƛŘŜƭȅ ŀǇǇƭƛŜŘ ƛƴ ǾŀǊƛƻǳǎ ŬŜƭŘǎ ƭƛƪŜ ǘƘŜ 

pharmaceutical industry20, food industry21, animal feed22, detergents23, chemical industries24, 

personal care, and cosmetics24, biomedical applications25, ultrafiltration26, wastewater 

treatment27,28, textile industry29ς31, biosensors32, biofuel production33, bioreactors34,35, carbon 

capture36 and others. 

 

Enzyme immobilization is not a new concept. Numerous unique enzyme immobilization methods, 

characterizations, and applications have been investigated, published, and reviewed.37,38,47ς

56,39,57ς63,40ς46 Certain reviews have discussed enzyme stability and catalysis in organic solvents64ς

68 and explored enzyme engineering for in situ immobilization involving self-assembly into 

insoluble particles.69 However, no prior reviews have focused on critically assessing enzyme-

compatible polymer-solution triad systems as a fundamental material fabrication approach. The 
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co-immobilization of enzymes in polymers requires forming stable polymer-solvent-enzyme 

compatible triad solutions or dispersions that preserve native enzyme structure and activity. 

Forming compatible triads is straightforward when water-soluble enzymes are combined with 

aqueous solutions of water-soluble polymers. Incorporating water-soluble enzymes in polymer 

solutions made with organic solvents is more challenging. This literature review assesses 

compatible polymer-solvent-enzyme triads for co-immobilization solution processing to increase 

immobilization yield and reduce immobilization complexity.         

 

1.2. Enzyme Immobilization Approaches 

Ideally, immobilized enzymes are localized and confined on or inside a solid carrier while fully 

retaining their catalytic activity.70 This ideal is difficult to achieve, not least because immobilized 

ŜƴȊȅƳŜǎ ƘŀǾŜ ŀ ƭŀǊƎŜǊ ǇƘȅǎƛŎŀƭ ǎƛȊŜ ǘƘŀƴ άŦǊŜŜέ ŘƛǎǎƻƭǾŜŘ ŜƴȊȅƳŜǎΣ ǿƘƛŎƘ Ŏŀƴ ƛƴǘŜǊŦŜǊŜ ǿƛǘƘ 

substrate accessibility to the active site. When an enzyme molecule is attached to other enzymes 

(self-immobilization) or to matrix materials by adsorption, entrapment or chemical bonding the 

total size of the enzyme plus matrix is larger than the enzyme molecule itself causing the 

immobilized enzyme to have different physical behavior than the enzyme molecule alone. Solid 

carriers can be selected from all types of different materials. Carrier properties dictate what 

mode of enzyme immobilization can be used. Enzyme immobilization with polymeric carriers is 

accomplished in two main ways: single-step co-immobilization or post-immobilization, as shown 

in Figure 1.1.  
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Figure 1.1: Schematic illustration of enzyme (A) co-immobilization and (B) post-immobilization 
modes, inside or on polymer matrices. 

  

The interaction mechanisms of enzymes and supporting materials vary in co- and post-

immobilization modes. Entrapment, encapsulation, and adsorption methods, where there is no 

covalent bond formation between enzymes and support carriers, are categorized as physical 

methods. Covalent attachment and cross-linking are classified as chemical methods.71 Figure 1.2 

illustrates the main enzyme immobilization mechanisms where gray and blue represent carrier 

materials and enzyme, respectively. Immobilized enzymes that result from mixing enzymes 

together with dissolved carrier molecules (or sometimes carrier monomers) prior to the 

formation of the solid carrier matrix ς ƘŜǊŜƛƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άŎƻ-ƛƳƳƻōƛƭƛȊŜŘ ŜƴȊȅƳŜǎέ ς are 

confined mainly by physical encapsulation and entrapment mechanisms. Post-immobilized 
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enzymes are held on carrier surfaces via physical adsorption or by covalent chemical attachment 

ōŜǘǿŜŜƴ ŜƴȊȅƳŜ ŀƴŘ ŎŀǊǊƛŜǊΦ ά{ŜƭŦ-ƛƳƳƻōƛƭƛȊŀǘƛƻƴέ ƻŎŎǳǊǎ ǿƘŜƴ ŜƴȊȅƳŜǎ ŀǊŜ ŎƘŜƳƛŎŀƭƭȅ 

crosslinked to directly to each other, without added carrier material present, to form large 

insoluble molecular clusters.  

Figure 1.2: Schematic presentation of the main mechanisms of enzyme immobilization on or in 
polymeric supporting materials. 
 

The choice of immobilization technique mainly depends on the properties of the solid matrix and 

the performance behavior required. Enzyme immobilization is generally accompanied by changes 

in apparent enzymatic activity and may involve changes in optimum pH, temperature, and 

stability. Characteristics of different enzyme immobilization methods are compared in Table 1.1.  
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Encapsulation and entrapment methods are desirable for achieving high enzyme loading (e.g. 

76% immobilized yield was reported for maltase from B. licheniformis entrapped into agarose 

beads72)  with minimal impact on enzyme structure, though the resulting catalytic activity is 

typically lower than post-immobilized enzymes because the presence of physical barriers slows 

down substrate diffusion to enzyme active sites. Performing co-immobilization can be as simple 

ŀǎ ŀ άǎƛƴƎƭŜ ǎǘŜǇέ ƳƛȄƛƴƎ ƻŦ ŀ ǿŀǘŜǊ-soluble polymer with an enzyme solution and forming the 

mixture into the desired shape while drying to solidify it. Enzyme becomes surrounded by and is 

held inside the solid, which may nevertheless remain permeable to small substrate and product 

molecules. Immobilization in water-soluble polymers can be useful for applications that require 

organic solvents, or the materials can be made water-insoluble by treatment with cross-linking 

chemicals. When co-immobilizing enzymes with a non-aqueous polymer solution, more complex 

recipes involving additives may be needed to form enzyme-compatible polymer solutions. 

Enzymes that are post-immobilized by covalent chemical bonding or cross-linking are firmly 

attached to the outside surfaces of carriers, resulting in minimal leaching. Post-immobilized 

enzymes positioned on the carrier surface experience minimal substrate diffusion limitations and 

exhibit high catalytic activity.  
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Table 1.1: Comparison of various enzyme immobilization methods [modified from Thangaraj and Solomon73]. 

Characteristics Encapsulation Entrapment Physical 

adsorption 

Covalent 

attachment 

Cross-linking 

Immobilization 

mode 

Co-

immobilization 

Co-

immobilization 

Post- 

immobilization 

Post-

immobilization 

Self-

immobilization 

Preparation 

complexity 

Varies Varies  Low Moderate to high Low to moderate   

Cost Low Low to moderate Low High Low to moderate 

Binding nature Strong Strong Weak Very strong Strong 

Stability High High Low High High 

Enzyme leaching Very low Low to moderate High Low Low 

Substrate diffusion 

limitations 

High High Very low Low Low to moderate  

Enzyme loading Very high High Low to high Low High 

Immobilization 

yield 

Very high High Low to moderate Low High 

Enzyme structure Almost no impact Minimal impact Minimal impact Potential changes Potential changes 

Enzyme activity Low Low Intermediate High High 

Chemical additives Varies Varies  Not required  Required Required 

Applicability Very wide Broad Broad Selective Broad 

 

 

 



 

10 
 

1.2.1. Self-immobilization 

Cross-linked enzyme aggregates (CLEAs) and cross-linked enzyme crystals (CLECs) are forms of 

enzyme self-immobilization, in which the formation of chemical bonds between enzyme 

molecules increases their molecular size to the extent that enzyme clusters precipitate from the 

solution. CLEAs are formed by physical aggregation of enzymes from an aqueous buffer using a 

precipitant (e.g., salts, water-miscible organic solvents, non-ionic polymers) and in situ chemical 

crosslinking using a bifunctional reagent (Figure 1.2).74 A highly purified enzyme solution is not 

required for the preparation of CLEAs. CLECs are prepared by crystallizing enzymes from highly 

purified enzyme solutions and stabilizing them as water-insoluble solids by introducing covalent 

bonds using crosslinking reagents.75 These carrier-free immobilization methods avoid costs 

associated with carriers, but may require additional enzyme purification, and while the range of 

physical size, shape, and properties of the aggregates alone could be limited, they can be 

attached to solid supporting materials.76 Further elaboration on self-immobilization mechanisms 

is found in Sheldon et al.77 

  

1.2.2. Post-immobilization 

Post-immobilization is a two-step process, where the carrier material is fabricated first, and the 

enzyme is then attached to the prefabricated matrix (Figure 1.1). There is no requirement for 

carrier materials to change between solid and liquid forms during the immobilization procedure, 

and carrier matrices can be prepared by any method without concern for whether enzymes can 

tolerate carrier fabrication conditions. However, the carrier matrix may require surface 

modification to create attachment points for the enzyme.78 Immobilizing enzymes can then be 
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as simple as immersing suitably modified matrices in an enzyme solution for sufficient time to 

complete the immobilization process (for adsorption immobilization). More complex reagents 

and reactive sequences are also common (for covalent immobilization).    

 

1.2.2.1. Covalent attachment 

In covalent immobilization, a covalent bond is formed between enzymes and carriers (Figure 1.2). 

In this post-immobilization mode, carrier materials are synthesized separately, carrier surfaces 

are activated, and enzymes are covalently bonded to carrier surfaces using bifunctional or 

multifunctional coupling reagents. Functional groups on the polymer carrier such as amino, 

carboxylic acid, imidazole, indolyl, and phenolic hydroxyl groups form covalent bonds with one 

end of the coupling reagent, and the other end reacts with enzyme chain end functional groups 

or with side-chain amino acid (e.g., lysine, cysteine, aspartic acid, and glutamic acid) functional 

groups.79,80 Dicyclohexyl carbodiimide,81 мΣм-carbonyldiimidazole,82 hydrate-acyl azide,83 

diazonium salt,84 bromide-cyanogen,71 glutaraldehyde,85,86 and dextran aldehyde87 are common 

coupling agents. Ideally, the coupling of enzymes with support materials by covalent bonding is 

irreversible, preventing leakage of enzymes from the carrier even under inhospitable reaction 

conditions.88 In practice, some low level of leaching is usually observed initially, as non-covalently 

bound adsorbed protein is washed off. After that, the level of leaching can be very low, 

depending on the durability of the covalent bonds. Since the carrier materials are prepared 

separately, and the immobilization steps are conducted in buffer solution, polymer-solvent-

enzyme compatible triads are not essential here. Further elaboration on covalent immobilization 

mechanisms is found in Cen et al.89 
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1.2.2.2. Adsorption attachment  

Physical adsorption of enzymes onto solid supporting materials is a convenient and 

straightforward method of immobilization. In post-immobilization adsorption attachment, a 

carrier material is initially fabricated or modified in one step, and then afterward, it is exposed to 

an enzyme buffer solution for a specific time for physical adsorption to occur.90 Almost any solid 

supporting material, including natural and synthetic polymers, can be used as post-immobilized 

carriers. Numerous commercially available enzymes have been immobilized on various solid 

materials, including alumina, silica gel, porous glass, porous ceramics, activated carbon, ion 

exchange resins, biopolymers, and blended synthetic-natural polymers.91,92 The level of enzyme 

loading depends on the accessible surface area of the carrier because enzymes are adsorbed on 

the surface or in the pores of supporting materials in spontaneous reversible processes by weak 

physical forces: hydrogen-bonding, electrostatic interactions, hydrophobic interactions, or van 

der Waals forces.93 Efficient enzyme loading on supporting materials by electrostatic interactions 

is controlled by changing enzyme solution pH.94 Because the surfaces of enzyme molecules carry 

net positive or ƴŜǘ ƴŜƎŀǘƛǾŜ ŎƘŀǊƎŜǎ ōŜƭƻǿ ŀƴŘ ŀōƻǾŜ ǘƘŜ ŜƴȊȅƳŜΩǎ ƛǎƻŜƭŜŎǘǊƛŎ Ǉƻƛƴǘ όǇLύΣ 

respectively, enzymes can be immobilized by electrostatic binding onto carrier materials having 

the opposite charge at a particular solution pH. Optimal electrostatic interactions for maximum 

enzyme adsorption can occur when the immobilization solution pH is in between the enzyme pI 

ŀƴŘ ǘƘŜ ǎǳǇǇƻǊǘ ǇLΦ CƻǊ ƛƴǎǘŀƴŎŜΣ ǘƘŜ ƘƛƎƘŜǎǘ ŀŘǎƻǊōŜŘ ʲ-glucosidase (pI ~4.5) on SBA-15 (pI ~2) 

was observed at pH 3.5.95 Alternatively, the extent of enzyme loading by physical adsorption can 

depend primarily on the accessible surface of carrier materials, where enzymes penetrate to a 

certain depth into the carrier matrix depending on carrier porosity.  Figure 1.3 (A) shows a 
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synchrotron infrared microscopic image of a cross-section of Novozym 435 beads.96 Novozym 

435 is a well-known commercially available immobilized acrylate-based polymer bead where 

Candida antarctica lipase B (CALB) enzymes are physically adsorbed (post-immobilization mode) 

on the mesoporous surface.97 Loading CALB at the solid surface keeps the enzyme accessible to 

its substrate. After adsorption, enzymes must sufficiently retain their native structure to achieve 

the high remaining catalytic activity. Simplicity and high activity retention are the key advantages 

of adsorption attachment over other attachment modes. However, the relatively weak 

interactive forces often result in enzymes leaching out from the carriers upon changed 

conditions, such as pH, temperature, and solvent polarity. The leaching out of enzymes from 

carrier materials is the main drawback of physical adsorption.98 

Occasionally, physical enzyme adsorption is reported as part of a co-immobilization mode.99ς102 

For example, CALB was immobilized on magnetic poly(urea-urethane) nanoparticles (MNPs-PUU) 

by single-step mini-emulsion polymerization using diisocyanate and 1,6-hexanediol 

monomers.103 Diisocyanate monomer and organic coated MNPs were in the dispersed phase 

(organic), and free enzyme and polyol monomer were in the continuous phase (aqueous). The 

MNPs encapsulated PUU nanoparticle was synthesized, and CALB adsorbed on the produced 

MNPs-PUU surface simultaneously. Figure 1.3 (B) presents the single-step co-immobilization 

process of CALB enzyme on magnetic poly(urea-urethane) (MNPs-PUU) nanoparticles by single-

step interfacial mini-emulsion polymerization. As shown in the schematic, this strategy was used 

to keep the CALB enzyme accessible at the particle surface.  
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Figure 1.3: (A) infrared microscope image of Novozym 435 (immobilized CALB) showing CALB 
distribution on the Lewatit VP OC 1600 particle (Reprinted with permission from Mei et. al. 96. 
Copyright (2003) American Chemical Society) and (B) Schematic representation of CALB enzyme 
immobilization on magnetic poly(urea-urethane) (MNPs-PUU) nanoparticles by single-step 
interfacial mini-emulsion polymerization (Reprinted with permission from Chiaradia et.al. 103. 
Copyright (2016) Elsevier). 

 

1.2.3. Co-immobilization 

Co-immobilization is a process where the solid carrier support fabrication and enzyme 

immobilization are carried out simultaneously (in-situ process).104 This approach requires the 

solid carrier to be processed in a liquid form, i.e., it needs to dissolve or melt. Since enzymes 

generally denature in hot polymer melts, a more feasible approach is to dissolve carrier polymers 

(or monomers) in solvents at moderate temperatures. Lyophilized powder or dissolved liquid 

enzymes are added to the monomer/polymer solution and homogenized. Then, the 

immobilization solution (or dispersion) is subjected to fabrication where polymerization occurs, 

or the polymer solution is solidified by removing the solvent (via drying or coagulation) with 

enzymes trapped inside the resulting polymer matrix (Figure 1.1). Various shapes can be 

produced, such as beads,105 foams,106 films,107 membranes,108 hydrogels,109 nanoparticles,105 and 

nanofibers.110 The shapes are usually chosen to have a high surface area relative to their volume 
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on the principle that fewer enzymes will be hidden inside the matrix and more will be exposed 

to the surfaces. In some procedures, enzymes are added mid-way through the materials 

fabrication process while monomers are reacted to form polymers. For example, to produce 

lipase co-immobilized polystyrene (PS) particles, lipase enzymes are introduced into the emulsion 

polymerization reaction mixture approximately halfway through the reaction.111 ¢ƘŜ ǘŜǊƳ άŎƻ-

ƛƳƳƻōƛƭƛȊŀǘƛƻƴέ Ƙŀǎ ŀƭǘŜǊƴŀǘƛǾŜƭȅ ōŜŜƴ ǳǎŜŘ ǘƻ ǊŜŦŜǊ ǘƻ ǘƘŜ ƛƳƳƻōƛƭƛȊŀǘƛƻƴ ƻŦ ƳǳƭǘƛǇƭŜ 

cooperating enzymes on the same support to impart stability and enhance cascade reaction 

kinetics by optimizing catalytic turnover.112 CƻǊ ŜȄŀƳǇƭŜΣ ʲ-galactosidase, L-arabinose isomerase, 

and D-xylose isomerase were co-immobilized on Eupergit C 250 L and used for a mozzarella 

cheese whey lactolysis process. The multi-enzyme co-immobilization replaced multiple 

bioreactors with a single bioreactor and increased productivity by greater than 50% compared to 

single enzyme immobilizations.113  

 

1.2.3.1. Entrapment immobilization 

Entrapment immobilization is a type of co-immobilization in which enzymes are not directly 

attached to the carrier surface but entrapped and confined within a three-dimensional matrix 

(Figure 1.2). The network structure allows small substrates and products to pass through the 

matrix while physically retaining the larger-sized enzymes without covalent bonding to the solid. 

Entrapment preserves protein conformational structure, minimizes denaturation, and prevents 

leaching. Stabilized enzyme structures result in good storage stability with the potential for 

triggered enzyme release without compromising the biological catalytic activity of enzymes.105,114 

9ƴǘǊŀǇƳŜƴǘ ƛƳƳƻōƛƭƛȊŀǘƛƻƴ ǊŜƭƛŜǎ ƻƴ ǘƘŜ ŜƴȊȅƳŜΩǎ ǇƘȅǎƛŎŀƭ ǎƛȊŜ ōŜƛƴƎ ƭŀǊƎŜǊ ǘƘŀƴ ǘƘŜ ƳŀǘǊƛȄ ǇƻǊŜ 
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size formed around the enzymes during the entrapment process. Enzymes are large molecules 

with molecular weights ranging from around 12,000 to over 150,000 Da115 and globular 

diameters in the range of approximately 3-7 nm116 allowing them to be retained inside the solid 

matrix network while small substrates and products pass through during enzymatic reactions.71 

Entrapped enzymes could leak from the matrix if matrix pore sizes are too large, or enzyme 

activity could be limited if the pore size is too small. Therefore, pore size distribution is one factor 

that should be controlled to prevent enzymes from leaching into the liquid reaction medium 

while maximizing catalytic activity. Sometimes, water-soluble small-molecule porogen, like D-

glucose, is used during immobilization to enhance porosity and increase substrate diffusion to 

enzyme active sites.117 

Various matrices can be used for entrapment, such as chitosan, agar, gelatin, calcium alginate, 

collagen, cellulose triacetate, polyacrylamide, silicon rubber, polyvinyl alcohol, and 

polyurethane.71 Some of the reported works on enzyme entrapment incorporate horseradish 

peroxidase in polyvinyl alcohol (PVA) hydrogels and graphene oxide doped PVA hydrogels118, 

horseradish peroxidase in chitosan beads119, protease in agar-agar beads120, tyrosinase in gelatin 

gels121, manganese peroxidase in calcium alginate beads122Σ ʲ-galactosidase in silica gel123, 

protease in poly acrylamide beads124, and manganese peroxidase in PVA-alginate beads125. 
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1.2.3.2. Encapsulation immobilization 

Encapsulation is the most common single-step co-immobilization method, wherein enzymes are 

enclosed/confined in a semipermeable membrane, usually a spherical-shaped matrix (Figure 

1.2).104,126 Macromolecule encapsulation is effective for preventing enzyme aggregation and 

denaturation.61 The encapsulation method is widely used because of its simplicity, minimum 

leaching, and minimal impact on enzyme native structure. Theoretically, encapsulation can 

quantitatively immobilize all enzymes in a preparation, resulting in maximum immobilization 

yield. Like entrapment, encapsulation creates a physical barrier between enzyme and substrate. 

For reactions to occur with encapsulated enzyme, the substrate passes through the semi-

permeable encapsulation membrane to reach enzyme active sites where biocatalytic reactions 

take place, and then the product migrates back out across the membrane, which meanwhile 

prevents enzyme leaching from the carrier.57 Encapsulation can be performed under mild 

conditions to avoid impact on enzyme structure. The semi-permeable carrier retards enzyme 

structural deformation and helps preserve its native structure, resulting in benefits like triggered 

storage stability, enhanced thermal stability, and higher non-solvent stability (e.g., organic 

solvent).104  

 

1.2.4. Polymer-enzyme combinations for post-immobilization 

A wide variety of materials of both inorganic and organic origin have been used as stable and 

effective supports for enzyme immobilization. Microbial resistance, mesoporosity, mechanical 

and thermal strength are unique characteristics of inorganic supports. Limited biocompatibility, 

lower affinity to biomolecules, and fewer possible geometrical shapes are the main drawbacks 
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of inorganic carrier materials.88 On the other hand, polymeric materials can be fabricated into 

various forms with strictly controlled porosity, but are usually sensitive to pressure or 

temperature. In principle, any combination of enzymes and polymeric materials can be used for 

post-immobilization, as long as sufficient affinity or covalent attachment is present. The presence 

of hydroxyl, carbonyl, and amine moieties in natural polymers (e.g., chitosan, alginate, agarose) 

endows these materials with an inherent good affinity for protein attachment on their surfaces. 

The two most prevalent structural polysaccharides, cellulose and chitin, are widely used for 

enzyme post-immobilization.42,127ς129 In comparison, strongly hydrophobic polymers, such as 

polyethylene (PE) and polystyrene (PS), must usually first be subjected to surface activation (e.g., 

plasma treatment), then modified with chemical cross-linkers to introduce functional groups for 

post-immobilization.130ς132 Synthetic polymers often require surface modification to achieve  

post immobilization.133 Some commonly used synthetic polymers are  PVA,134 polyvinyl acetate 

(PVAc),81 polyimide (PI),91 polyacrylates (e.g., poly(methyl methacrylate) (PMMA), Eupergit®-

C),135,136 polyamide (e.g. nylon 6),137 polyacrylonitrile (PAN),138 polyaniline (PANi),139 

poly(ethylene glycol) (PEG),140 and Poly(lactic-co-glycolic acid) (PLGA)141.  

   

Blending polymers or making copolymers is another way of enhancing enzyme affinity through 

the introduction of chemically functional side groups and polarity. Commonly used copolymer 

and polymer blends are cellulose acetate/PCL,142 cellulose acetate/polyamide,143 

chitosan/PVA,144 chitosan/PLA,145 PMMA/PANi,146 polyvinyl alcohol-polyvinyl acrylic acid (PVA-

PAA),82PVA-PEG,147 poly (glycidyl methacrylate-g-poly(ethylene terephthalate)),85 poly (vinyl 

alcohol-co-ethylene),33 and poly(N-isopropyl acrylamide-co-acrylic acid).11 
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Table 1.2 lists polymer-enzyme combinations that are immobilized through the post-

immobilization process, where enzymes are attached to prefabricated carrier materials. In cases 

where carrier material fabrication involved solvent processing prior to enzyme immobilization, 

the solvent is listed. If modifiers were used, this is also indicated. The most common modifier is 

glutaraldehyde, a crosslinking agent. Enzyme loading, immobilization yield (relative to the 

amount of free enzyme used), activity retention (relative to free enzyme activity), and residual 

catalytic activity (after storage or reuse, relative to initial immobilized activity) are important 

immobilization metrics, yet individual reporting of these values is often incomplete. The relative 

parameters are defined as: 

)ÍÍÏÂÉÌÉÚÁÔÉÏÎ ÙÉÅÌÄ Ϸ
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Post-immobilization yield especially depends on the material surface area because a higher 

surface area gives more space for enzymes to attach. As a result, most of the listed supporting 

materials are nanostructure shapes (e.g., nanofibers, nanoparticles). Especially high enzyme 

loadings (> 10 wt %) were reported for polystyrene (PS) nanoparticles, which adsorbed 248 mg 

Candida antarctica lipase/g supports148, polyvinyl alcohol (PVA)-polyacrylic acid (PAA) (4:1) 

ŜƭŜŎǘǊƻǎǇǳƴ ƴŀƴƻŦƛōŜǊǎΣ ǿƘƛŎƘ ǿŜǊŜ ŎƻǾŀƭŜƴǘƭȅ ŀǘǘŀŎƘŜŘ ǿƛǘƘ мум ƳƎ ʰ-amylase/g support,82 and 

poly(N-isopropylacrylamide-co-acrylic acid) (p(NIPAM-co-AA)) microspheres, which were 

covalently attached with 493 mg trypsin/g supports.11  Post-immobilized support materials are 
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usually selected for their durability, and their insolubility in aqueous solutions enables repeatable 

applications. For example, covalently immobilized lactase (from Agaricus bisporus) on polyaniline 

nanofiber surface retained 98% of its initial activity after 10 reuse cycles32, and trypsin 

immobilized on PVA-PAA nanofibers surface retained 82% of its initial activity after 15 cycles.82 
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Table 1.2: Compilation of typical enzyme post-immobilization on polymer carriers by surface modification/activation. 

Carrier Carrier 
form 

Solvent Enzyme Enzyme 
origin 

Immobiliza
tion 
medium 

Modifier  Enzyme 
loading 
(mg/g 
supports) 

Immobil
ization 
yield 
(%) 

Activity 
retentio
n (%) 

Residual 
activity, 
(%/days/ 
°C) 

Reuse 
cycle/
activit
y,% 

Ref. 

Adsorption method 

Cellulose Nanofib
er 

- Glutamat
e 
dehydro
genase 

 Phosphate 
buffer 

- 1.8 - 32 64/56/25 9/83 149 

Polycaprolact
am  

Nanofib
er 

Acetone Protease - Phosphate 
buffer 

- - - 60 - 5/48 142 

Polycaprolact
one (PCL) 

Nanofib
er 

Formic 
acid 

Protease - Phosphate 
buffer 

- - - 65 - 5/30 142 

PS Particle - Lipase Pseudomona
s fluorescens 

Phosphate 
buffer 

Octyl silica - 91 82  5/90 150 

PS Nanopa
rticles 

- CALB Candida 
antarctica 

PBS buffer - 248 - 184 - - 148 

Cellulose 
monoacetate
/polycaprolac
tone 

Nanofib
ers 

Acetone Protease - Phosphate 
buffer 

- - - 80 - 5/21 142 

Cellulose 
monoacetate
/chitosan 

Nanofib
ers 

Acetone Protease - Phosphate 
buffer 

- - - 66 - 32/5 92 

PVA-co-PE Membr
anes 

70% 
isoprop
anol 

Cellulase - Phosphate sodium-3-
sulfobenzoate 

130 - - - 5/80 33 

Covalent Attachment Method 

Cellulose Nanofib
er 

- Laccase Pleurotus 
florida 

sodium 
acetate 
buffer 

Glutaraldehyd
e 

0.4U/mg  88 - 5/85 31 

Cellulose Ultrafin
e 

- Lipase Candida 
rugosa 

Phosphate 
buffer 

Glutaraldehyd
e 

-  54 - - 34 
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Table 1.2 Continued 

Cellulose Nanofib
er 

- Glucanotr
ansferage 

Bacillus 
macerans 

Phosphate 
buffer 

1,2- dodecane 
diamine 

10 62 45 - 10/60 26 

Oxidized pulp Fiber - Pectinas
e 

Commerci
al 

Phosphate 
buffer 

Sodium 
periodate 

8.7 - - - 7/60 27 

Coconut fiber - - Laccase Aspergillu
s 

Phosphate 
buffer 

Oxidation - - 74 40/4/4 10/45 30 

Gelatin Bead Water Laccase Trametes 
versicolor 

Citrate 
phosphate 
buffer 

Glutaraldehyd
e 

- 31 50 45/6/60 - 126 

Wool-g-
polyethylacry
late 

Fiber  Lipase Candida 
rugose 

Phosphate 
buffer 

Hydrazine 
hydrate 

81 95 80 - 6/89 151 

Silk-g-PAN Fiber Methan
ol 

-̡
galactosi
dase 

Escherichi
a coli 

Phosphate 
buffer 

Hydrazine 
hydrate 

76 98 71 - 6/92 151 

Cellulose 
monoacetate
/chitosan 

Nanofib
ers 

Acetone Protease  Phosphate 
buffer 

Glutaraldehyd
e 

- - 83 - 41/5 92 

PET Fabric Dioxane Trypsin Porcine 
pancreas 

Trizma 
buffer 

bΣ bΩ-di-cyclo-
hexyl-
carbodiimide, 
and 
glutaraldehyd
e 

60 - - 45/20/4 15/18 152 

Polyacrylonitr
ile 

Hollow 
fibers 

 Urease - Aqueous Glutaraldehyd
e 

- - - 15/42/4 15/86 138 

Polyaniline Nanofib
ers 

1 M HCl  Lactase Agaricus 
bisporus 

Phosphate 
buffer 

Glutaraldehyd
e 

- 73  95/96/25 10/98 32 

PP Film - Glucose 
oxidase 

Aspergillu
s niger 

- Plasma 
treatment&Gl
utaraldehyde 

- - 74 - - 130 

PVDF Membr
ane 

- Laccase  Phosphate 
buffer 

Glutaraldehyd
e 

- - 97 85/7/4 5/75 153 
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Table 1.2 Continued  

Polyamide - - Protease Conidiobol
us macro -
sporus 

Phosphate 
buffer 

Glutaraldehyd
e 

- - 58 - - 154 

Nylon 6 - - Lipase Bacillus 
coagulans 

 Glutaraldehyd
e 

0.2 70 88 - 8/85 137 

PVA/PAA Electro-
spin NF 

Water -h
Amylase 

- - 1,10-
carbonyldiimid
azole 

181 - 78 83/30/30 15/82 82 

Glycidyl 
methacrylate
-g-poly 
(ethylene 
terephthalate
) 

Fibers Acetone Horserad
ish 
peroxida
se 

- Phosphate 
buffer 

1,6-diamino 
hexane and 
glutaraldehyd
e 

- - - - 5/70 85 

Poly(N- 
isopropylacry
lamide-co-
acrylic acid) 

Microsp
heres 

Cyclohe
xane 

Trypsin - Phosphate 
buffer 

N-(3-dimethyl 
aminopropyl)-
N'- 
ethyl 
carbodiimide 
hydrochloride 

493 - 155 80/60/4 - 11 
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1.2.5. Polymer-solvent-enzyme combinations for co-immobilization 

Co-immobilization processes require the polymer-solvent pairs, matrix properties, and the 

conditions used for immobilization to be compatible with enzymes. Many enzymes show 

maximum activity in aqueous media, and such enzymes can form compatible solutions for co-

immobilization using aqueous polymer solutions. Certain natural polymers, like alginate, agarose 

and chitosan, are water-soluble, depending on pH, and can be mixed with enzymes to produce 

compatible solutions155ς157 that are then fabricated into different shapes, such as beads,158 

hydrogels,159 capsules,160 films,161 particles,162 nanoparticles,163 and nanofibers.164 Natural 

polymer derivatives (e.g., acetate, nitrate, carboxymethyl) having improved water and organic 

solvent solubility makes them available for co-immobilization,165 and water-soluble synthetic 

polymers, like polyvinyl alcohol (PVA)166 and polyethylene oxide (PEO),167 can also be used, as 

well as natural-synthetic polymer blends that can facilitate single step co-immobilization.168,169 A 

drawback is that water-soluble carriers generally cannot be repeatedly used in aqueous 

applications. However, these carriers can be converted to insoluble matrices using chemical 

modifiers (e.g., cross-linkers).170 

Water-insoluble synthetic polymers broadens the application versatility of enzyme 

immobilization matrices with their excellent flexible mechanical properties and easy 

manipulation by melt- or solvent-processing into desired shapes. However, mixing enzymes with 

molten polymers is usually avoided due to enzyme thermal instability. Instead, enzymes are 

mixed with polymers dissolved in organic solvents or mixed in situ with monomers during 

polymer synthesis (by emulsion polymerization).  Typical recipes for enzyme entrapment or 

encapsulation using aqueous solutions or by aqueous-organic emulsion polymerization are listed 
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in Table 1.3. The listed carriers were synthesized in four ways: solubilization in aqueous media 

and fabrication, solubilization in non-aqueous media (forming water/oil microemulsion) and 

fabrication, in-situ polymerization (aqueous media), and microemulsion polymerization (non-

aqueous media). In solubilization in aqueous media and fabrication, enzymes were mixed in an 

aqueous polymer solution and formed enzyme-compatible aqueous polymer solutions (polymer-

water-enzyme triad). The enzyme immobilized aqueous solution was then directly used to 

prepare the final form of the supporting materials. In encapsulation through water-oil micro-

emulsions, polymers were dissolved in organic solvents, enzymes were placed in the aqueous 

phase, and a surfactant was used to form the water-oil microemulsion (polymer-solvent-enzyme 

compatible triad). The water/oil microemulsion compatible triads are then fabricated to the 

desired shapes. For in-situ polymerization, polymer matrices were synthesized in the presence 

of enzyme solution where enzymes are encapsulated or entrapped into synthesized matrixes. 

Finally, with microemulsion polymerization, enzymes, initiator and surfactant were added in the 

aqueous phase and monomers were dispersed in the aqueous phase. Enzymes were co-

immobilized (entrapment or adsorption or encapsulation) into/on the produced polymers. Most 

of the reported co-immobilized enzymes were produced by entrapment and encapsulation in 

polymer matrices. For example, water-in-oil microemulsion encapsulation was performed using 

polycaprolactone (PCL) and its copolymers,142 polylactic acid (PLA)171, and poly(lactide-co-

glycolide) (PLGA),172 while entrapment was accomplished through in-situ polymerization of 

polyacrylamide with enzymes in the reaction mixture.124 However, some physically adsorbed co-

immobilized enzymes were also reported. In addition, single-step co-immobilizations are not 

reported as frequently as post-immobilization approaches.  
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Table 1.3: Compilation of typical cases of enzyme co-immobilization into polymer carriers. 
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Dissolved in aqueous media and fabrication 

Cellulase Trichoderm
a reesei 

Alginate Aqueous CaCl2 Bead  Encapsulatio
n 

3.4 - - 60/21/37 105 

Maltase B. lichenifo
rmis 

Agarose K phosphate buffer Bead Entrapment  76 - 80/180/4 72 

Facin extract Fig latex Agarose NaCO3 solution Bead Entrapment 10 - 95 - 161 

Maltase B. lichenifo
rmis 

Agar-agar K phosphate buffer Bead Entrapment - 83  80/180/4 72 

Bromelain Pineapple 
stem 

Cellulose 
triacetate 

Acetone:DMF (85:15) Electros
pun NF 

Encapsulatio
n 

- 92 47 - 165 

-̡D-
glucosidase 

Aspergillus 
niger 

Chitosan Na tripolyphosphate Bead Entrapment 5 35 30 100/91/1
6 

87 

Lipase Yarrowia 
lipolytica 

Chitosan-
alginate 
blend 

Aqueous CaCl2 Bead Encapsulatio
n 

-  79 35/75/25 104 

Horseradish 
peroxidase 

- Chitosan-PEG 
blend 

Acetic acid Particle Encapsulatio
n 

- 52 60.4 - 101 

Maltase B. lichenifo
rmis 

Polyacrylami
de copolymer 

water Bead Entrapment - 71  5/180/4 72 

Horseradish 
peroxidase 

- PVA Water Electros
pun NF 

Entrapment 3.5 98 - - 173 

Cellulase - PVA Acetic acid buffer Electros
pun NF 

Encapsulatio
n 

- - 65 - 108 

Monoamine 
oxidase 

Aspergillus 
niger 

PVA-PEG water Gels Encapsulatio
n 

- - - - 147 
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Table 1.3 Continued 

Phytase Cowpea 
seed 

PVA-chitosan Sodium acetate buffer Electros
pun NF 

Entrapment 2.5 - - - 164 

Dissolved in non-aqueous media (forming water/oil microemulsion) and fabrication 

CALB Candida 
antarctica 

PCL PS,, enzyme, toluene, AOT Film Encapsulatio
n 

16 & 65 - - - 107 

-hchymo-
trypsin 

- PS PS, enzyme, toluene, AOT Electros
pun NF 

Encapsulatio
n 

13 - 35 - 110 

Trypsin - PCL PCL, chloroform/DMF, 
span 80, enzyme buffer 

Electros
pun NF 

Encapsulatio
n 

23 - 66 57/15/4 174 

Laccase Trametes 
versicolor 

PLA PLA, methylene chloride, 
PEO-triblock copolymer, 
laccase solution 

Electros
pun NF 

Encapsulatio
n 

- - 67 50/14/4 175 

Pyruvate de-
hydrogenase 

Porcine 
heart 

PLGA PLGA, acetone, enzyme 
buffer, SDS 

Nanopa
rticles 

Encapsulatio
n 

2.5 20 - 63/6/4 172 

In-situ polymerization (aqueous media) 

CALB Candida 
antarctica 

Polyurethane Polyol, isocyanate, enzyme 
solution (polymerization) 

Foam - - - 535 87/360/2
5 

106 

Protease Aspergillus 
niger 

Polyacrylami
de 

Acrylamide, methylene 
bisacrylamide, enzyme 
solution polymerization 

Beads Entrapment - 76 - 33/30/4 124 

Mini-emulsion polymerization (using surfactants) 

Cellulase - PMMA Methyl methacrylate, SDS, 
water, enzyme, initiator 

Nanopa
rticles 

Adsorption 60 60 - >90/7/4 100 

CALB Candida 
antarctica 

PMMA Methyl methacrylate, SDS, 
water, enzyme, initiator  

Nanopa
rticles 

Adsorption 50 75 - - 102 

Lipase Thermomyce
s 
lanuginosus 

PS Styrene, PVA, span 80, 
enzyme buffer 

Nanopa
rticles 

Adsorption - 60 57 - 111 

CALB Candida 
antarctica 

PEGylated 
poly(urea-
urethane) 

Isophorone diisocyanate, 
PEG, PCL, cyclohexane, 
SDS  

Nanopa
rticles 

- - - 67 - 99 

CALB Candida 
antarctica 

Magnetic 
poly(urea-
urethane)  

Diisocyanate, hexanediol, 
MNPs-OA, cyclohexane, 
water, SDS  

Nanopa
rticles 

Adsorption - - 85 - 103 
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1.3.  Polymer-Solvent-Enzyme Compatible Triads 

Non-membrane-bound enzymes are usually insoluble in organic solvents because their exterior 

surfaces are decorated with polar and ionic amino acids that interact with water.66 When 

enzymes are exposed to non-aqueous media (e.g., organic solvents, synthetic polymer solutions), 

internal hydrophobic segments tend to interact with the media, causing enzymes to denature  

όάǳƴŦƻƭŘέύ ƻǊ ŀƎƎǊŜƎŀǘŜΣ ƳŀƪƛƴƎ ǘƘŜƳ ǳƴŀǾŀƛƭŀōƭŜ ŦƻǊ ōƛƻŎŀǘŀƭȅtic reactions.176,177 However, 

because organic-soluble synthetic polymers have desirable properties as immobilization 

supports, namely the potential for creating water-insoluble high surface area flexible materials, 

the possibility of enzyme co-immobilization in these systems warrants investigation. This requires 

selecting polymer-solvent-enzyme compatible triads for enzyme co-immobilization methods. The 

following discussion identifies compatible polymer-solvent combinations, compatible enzyme-

solvent combinations and finally assesses which combinations could generate compatible 

polymer-solvent-enzyme triads. Strategies to enhance compatibility are also considered. 

  

1.3.1. Polymer-solvent compatibility 

Polymer solubility is not straightforward like small molecules because of the vastly different sizes 

of polymer and solvent molecules. The interaction of polymer and solvent depends on many 

factors, such as polymer type, copolymer type and composition, molecular weight, branching, 

crystalline form, degree of crystallinity, temperature, and solvent polarity.178 Polymers have a 

high molecular weight, and crystalline polymers have well-ordered chains that often require 

extended time and heat to disrupt intermolecular forces for dissolution. Solubility decreases with 
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increasing polymer molecular weight, crystallinity, and degree of cross-linking, and other factors, 

like chain branching, can lead to unpredictable solubility behavior within a given polymer class. 

  

Polymers exert attractive interactions between adjacent molecules, including van der Waals 

forces for simple hydrocarbon polymers (e.g., PE, PP, PS) and dipole/dipole interactions for polar 

side group polymers (e.g., PAN and PVC). Polyamide and polyurethane polymers have strong 

polar and hydrogen bonding interactions that lead to stiff structures. Solid polymers having polar 

interactions and hydrogen bonds holding the polymer chains together require highly polar 

solvents for dissolution because the dissolution process requires higher interactive forces 

between polymer and solvent than between polymer chains.179 Suitable solvent selection 

depends on the polymer type. Table 1.4 lists common polymers with their typical solvents 

according to four categories: polymers that dissolve in aqueous solvents; polymers that require 

strong acids to dissolve; polymers that dissolve in non-polar organic solvents; and polymers that 

dissolve in polar organic solvents. The table also ranks organic solvent polarity based on the 

dielectric constant at 20 °C. Polar-organic solvents with a higher dielectric constant are more 

effective at breaking electrostatic interactions between molecules and separating charges than 

nonpolar organic solvents and are thus able to dissolve polymers (e.g., PCL, PVP, PAN) comprising 

polar functional groups along their backbone. Thermoplastic polyamides (e.g. nylons)  dissolve in 

strong mineral acids due to the presence of ionizable end groups and protonation of backbone 

amide group oxygens that disrupt the very strong intermolecular hydrogen bonds.180 The 

solubility of non-polar hydrophobic polymers (e.g., PS, PP) is governed by dispersion forces, and 

non-polar organic solvents are required to dissolve them.181  
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Table 1.4: Compilation of common polymer-solvent systems and organic solvent polarity ranking. 

Polymers Common Solvents Ref. 

Aqueous-soluble 

PEO, PEG, PVA, PVP Water 182ς184 
Chitosan and 
derivatives 

Dilute acids, e.g., formic acid, acetic acid, lactic acid; TCA 185,186 

Cellulose ether 
derivatives 

Aqueous alkali, NaOH/urea 187,188 

Alginate and 
derivatives, Agarose 

Aqueous and aqueous-organic media 189,190 

Strong Acid soluble 

Polyamide (nylon) Strong inorganic acid, formic acid, acetic acid,  180 
Polyacrylamide Formic acid, strong inorganic acid  191 

Organic-soluble (non-polar organic) 

PE, PP Above 80°C: xylene, benzene, toluene, halogenated 
hydrocarbons, higher aliphatic esters, and ketones 

188,192 

PS Xylene, benzene, toluene, THF, MEK  188,193 

Organic-soluble (polar organic) 

Cellulose acetate 
derivatives 

THF, DCM, ethylene carbonate  188,194 

PEO, PEG, PVA, 
PVAc 

Chloroform, THF, DMF, hexafluoro propanol, 
chloroform: acetone (3:1) 

182ς184 

PLA, PLGA Dioxane, chloroform, THF, DCM, hexafluoro propanol, 
THF: DMF (3:1), chloroform: acetone (4:1) 

195ς198 

PVP Chloroform, THF, pyridine, acetone, DMAc, DMF, 
acetone 

188,199 

PVDF NMP, DMAc, DMF, DMSO, DMF-acetone (1:9), 
isopropanol-H2O 

200ς205 

PCL Chloroform, THF, DCM, hexafluoro isopropanol, 
methanol, DMF:chloroform (1:2) 

206,207 

Polyacrylonitrile 
(PAN) 

DMF, ethylene carbonate 188,208 

Polyaniline (PANi) DMF 209 
Polyacrylamide Phenol, morpholine 188,191 
Polyacrylate (PMA, 
PMMA) 

Benzene, toluene, chloroform, THF, DCM, acetone, DMF 210,211 

Polyesters (PET) THF, phenol, chlorophenol, DMSO, nitrobenzene 188,212 
Polyamide (nylon) m-cresol, THF, phenol, chlorophenol 188,211,213 
Polyurethane DMF, DMF-THF, Hexafluoro isopropanol 188,214,215 

Organic solvent polarity rank (Dielectric constant at 20 °C) 

Aprotic solvents Hexane (1.88) <octane 1.96 <carbon tetrachloride (2.24) 
<1,4-dioxane (2.25) <p-xylene (2.27) <benzene (2.28) 
<toluene (2.38) <chloroform (4.81) <THF (7.52) <DCM 

216,217 
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(9.08) <pyridine (12.4) <MEK (18.51) <acetone (20.7)  
<NMP (32) <nitrobenzene (34.82) <acetonitrile (36.64) 
<DMAc (38) <DMF (38.25) < DMSO (46.7) <propylene 
carbonate (64.9) 

Protic solvents TCA (4.5 at 15.6 °C) Acetic acid (6.20) <t-butyl alcohol 
(12.5) <HFIP (15.7) <iso-propanol (17.9) <ethanol (24.6) 
<methanol (32.7) <water (78.54) 

216,218 

DCM: dichloromethane, DMAc: dimethyl acetamide, DMF: Dimethylformamide, DMSO: dimethyl 

sulfoxide, HFIP: hexafluoroisopropanol, MEK: Methyl ethyl ketone, NMP: N-methyl pyrrolidone, 

TCA: Trichloroacetic acid, THF: Tetrahydrofuran, TMP: Trimethyl phosphate  

 

The ability of certain natural and synthetic polymers or their derivatives to dissolve in aqueous 

solvents depends on the presence of hydrogen bond donor and acceptor groups (such as 

hydroxyl, amine, and carbonyl) along the polymer chain that participates in hydrogen bonds with 

water molecules and/or ionizes in aqueous solutions.219 Similarly, electronegative oxygen atoms 

that form ether linkages in poly(ethylene oxide) act as hydrogen bond acceptors with water 

molecules to form high-weight percentage aqueous polymer solutions.184 Using aqueous media 

to manipulate polymers during fabrication is convenient because water-soluble enzymes are 

generally compatible with these systems, provided that pH-dependent charge neutralization 

does not lead to flocculation. For example, enzymes can be directly mixed with viscous aqueous 

solutions of alginate and agarose salts.114,158 Also, because chitosan amine groups become 

protonated at low pH values, making this polymer soluble in aqueous organic acids (e.g., acetic 

acid, formic acid, lactic acid) and organic acid buffers (e.g., acetate buffer),220 enzymes capable 

of tolerating acidic pH conditions can be mixed directly with pH-buffered chitosan solutions.157 

Enzyme (e.g., lipase from Candida rugosa) can be immobilized in polyvinyl alcohol (PVA) matrix 

(e.g., electrospun fiber) from aqueous mixtures of enzyme and PVA solution.221 However, the 

residual aqueous solubility of enzyme immobilized PVA matrices renders them impractical for 
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repeated use in water. To improve durability, PVA, with its multiple hydroxyl groups, can be 

converted to a water-insoluble matrix by applying chemical modification (e.g., cross-linking with 

glutaraldehyde).222 Polyvinylpyrrolidone (PVP) has polar carbonyl moieties that promote its 

solubility in aqueous and high polarity organic solvents (e.g., acetone, ethanol, 

dimethylacetamide (DMAc), and in dimethylformamide (DMF)).199,223 The aqueous solubility of 

PVP enables the production of enzyme compatible triad solutions by simply mixing PVP polymer 

solutions and aqueous enzyme solutions. The resulting miscible solution can be directly formed 

into fibers by solution spinning techniques, like electrospinning.224 The chief limitation of using 

water-soluble polymers for enzyme immobilization is that their use as durable immobilization 

matrices is limited to non-aqueous environments, which nevertheless may be important for some 

applications such as esterification reaction in non-aqueous media.225 

 

Some natural polymers, like cellulose, that have linear unbranched polymer chains capable of 

forming stiff intra-molecular hydrogen-bonded structures do not readily dissolve in aqueous or 

organic solvents. However, derivative forms, such as cellulose acetate, are soluble in organic 

solvents that can be used for enzyme co-immobilization.187 For example, a solution of cellulose 

triacetate (in 85:15 acetone:DMF) and bromelain solution (using the same solvents mixture) was 

mixed to produce a compatible triad and subjected to electrospinning to produce bromelain 

encapsulated cellulose triacetate nanofibers.165 Another water soluble cellulose derivative is 

carboxymethyl cellulose, which can be  dissolved in water, mixed with enzyme (e.g., lipase) 

solution and fabricated into desired shapes (e.g., film) to make enzyme-embedded matrixes.226  
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{ȅƴǘƘŜǘƛŎ άǇƭŀǎǘƛŎέ ǇƻƭȅƳŜǊǎ ǎǇŀƴ ŀ ǿƛŘŜ ǊŀƴƎŜ ƻŦ ǎƻƭǳōƛƭƛǘȅ ōŜƘŀǾƛƻǊǎΦ {ƛƳƛƭŀǊ ǘƻ ŎŜƭƭǳƭƻǎŜΣ 

polyamide polymers (e.g. nylon) strongly interact to form intermolecular hydrogen bonds 

between amide groups and only a few solvents, such as formic acid, cresol, 1:1 trifluoroacetic 

acid (TFA), and acetone, can dissolve nylon.180 Simple hydrocarbon polymers, such as 

polyethylene (PE), polystyrene (PS), and polypropylene (PP), are highly hydrophobic and soluble 

in relatively low polarity organic solvents (e.g., cyclohexane, hexane, xylene, benzene, and 

toluene.192,193 PVDF, PCL, PLA, and PLGA are insoluble in aqueous solvents yet are soluble in most 

polar organic solvents, such as DMF, DMSO, DMAc, NMP, DCM, THF, chloroform, and 

hexafluoroisopropanol.183,205,206,227 These biodegradable and biocompatible polymers have been 

extensively studied as delivery vehicles for biologics.53 Suitable polymer-solvent-enzyme 

compatible triads of these polymers could produce useful enzyme carrier matrices for co-

immobilization. In addition, polyacrylates (e.g., PMA, PMMA), polyesters (e.g., PET), polyaniline, 

polyacrylonitrile, and polyurethane have polar moieties in the backbone and are soluble in polar 

organic solvents (e.g., DMF) that creates a potential for making enzyme compatible polymer 

solutions using solution modification.208,209,211,212,214  

 

1.3.2. Solvent-enzyme compatibility 

Most commercial enzymes are formulated as liquids or in granulated solid forms for industrial, 

consumer, and medical applications and are designed to disperse when exposed to a water 

environment.228 The globular three-dimensional structure of a water-soluble enzyme is essential 

for carrying out its catalytic role,229 usually having a hydrophobic inner core and hydrophilic outer 

surface.230 The inner body of the tertiary structure is mainly composed of non-polar amino acids 
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(e.g., phenylalanine, leucine, isoleucine) that are stabilized through hydrophobic forces. The 

outer surface has ionic side group amino acids (e.g., glutamic acid, lysine) and polar amino acids 

(e.g., serine, glutamine) to create a hydrophilic environment outside the folded protein, making 

it water-soluble. Handling native enzymes in aqueous solvents preserves their three-dimensional 

folded structure. Water molecules are also an essential part of the protein structure, and even 

crystallized enzymes retain some water. These essential water molecules are located throughout 

the enzyme structure. A typical protein subunit contains around 200 water molecules. For 

example, the crystal structure of pyruvate decarboxylase (EC 4.1.1.1) from Saccharomyces 

cerevisiae has 1074 amino acid residues (two subunits) and 440 water molecules (220 per 

subunit).231 ¢Ƙƛǎ ǎǘǊǳŎǘǳǊŀƭ ǿŀǘŜǊ ŀŎǘǎ ŀǎ ŀ ΨƳƻƭŜŎǳƭŀǊ ƭǳōǊƛŎŀƴǘΩ ǘƻ ǇǊƻƳƻǘŜ ǘƘŜ ŎƻƴŦƻǊƳŀǘƛƻƴŀƭ 

mobility required for optimal enzyme catalysis.64 Therefore, if enzymes are to be incorporated 

into non-aqueous polymer solutions as part of an immobilization process, enzyme behavior in 

non-aqueous media needs to be understood.   

 

Relative enzyme catalytic activities in organic solvents or aqueous-organic solvents compared to 

100% activity in buffer solutions are listed in Table 1.5. Enzymes in this list have substantial 

catalytic activity in aqueous-organic co-solvents and in neat organic solvents. Thus, these 

enzyme-solvent pairs could be employed for developing polymer-solvent-enzyme compatible 

triads. Organic solvents act as non-solvents for the hydrophilic outer surface of enzymes, causing 

them to become rigid, phase-separate, denature or lose catalytic activity.66 These behaviors are 

most often observed for aqueous-organic solvent mixtures. A major factor in enzyme 

destabilization in pure organic solvents is the interaction between solvents and enzyme-bound 
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water. Somewhat counterintuitively, results show that enzymes tend to be more tolerant of neat 

hydrophobic (non-polar) organic solvents than neat polar solvents. Polar organic solvents can 

penetrate enzyme active sites, remove tightly bound water from enzyme molecules through 

electrostatic interactions, and induce secondary and tertiary structural changes in proteins that 

lead to destabilization.232 Even small conformational changes, especially in the active site pocket, 

can cause enzyme deactivation. For example, consider octane, tetrahydrofuran (THF), and 

acetonitrile organic solvents, with dielectric constants at 20 °C of approximately 2, 7.5 and 37, 

respectively (Table 1.4). As solvent polarity increases (octane < THF < acetonitrile), enzymatic 

activity drops drastically because solvents with higher polarity are more efficient at extracting 

essential water from the protein structure233 and surface.234 In addition, small, highly polar THF 

and acetonitrile molecules can penetrate into crevices in the enzyme structure, especially into 

the active site, and remove mobile or weakly bound water molecules, only leaving tightly bound 

water in those regions. Conversely, non-polar hydrophobic solvents, like octane, do not strip 

essential water. Molecular dynamics simulations that predict the location of mobile and bound 

water and protein flexibility in different solvents, for example in the structure of CALB exposed 

to water or different organic solvents, imply that the reduced flexibility of CALB in organic solvent 

is caused by a spanning water network resulting from less mobile and slowly exchanging water 

molecules at the protein-surface.235 The number of surface bound water molecules and size of 

the spanning network increases with decreasing dielectric constant of solvents. This allows the 

enzyme structure and active site to remain hydrated with essential water molecules. Therefore, 

when choosing among organic solvents to prepare polymer-solvent-enzyme compatible triads, 

solvents with lower dielectric constant values are more likely to be compatible with enzymes. 
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Along with solvent polarity, solvent molecule size also plays a vital role. Smaller-sized polar 

solvents can more deeply penetrate the essential water sites of proteins than larger polar 

solvents. As a result, small-sized polar solvents strip more bound water from proteins and 

facilitate protein denaturation. For instance, smaller acrylonitrile (ACN) solvent could cause more 

penetration to the protein structure's crevices and strip more water molecules than octane.234 

Enzyme hydrophilicity and hydrophobicity also impact structural stability in neat organic 

solvents. For example, the surface of Candida rugosa lipase has more hydrophobic amino acids 

than chymotrypsin protease, enabling the lipase to remain more stable in non-polar organic 

solvents than protease.236 

Notably, incorporating a few water molecules in an organic solvent promotes enzyme 

conformational mobility and increases catalytic activity, whereas increasing the water content of 

an organic ǎƻƭǾŜƴǘ ōŜȅƻƴŘ ŀƴ άƻǇǘƛƳǳƳ ǿŀǘŜǊ ŀŎǘƛǾƛǘȅέ Ŏŀƴ ƭŜŀŘ ǘƻ ŜƴȊȅƳŜ ŘŜƴŀǘǳǊƛƴƎ ōŜŎŀǳǎŜ 

of excessive conformational mobility. The absolute amount of water required for optimal 

catalysis varies greatly from non-polar to polar solvents. For instance, the enzymatic activity of 

alcohol oxidase from Pichia pastoris in the presence of 0.6% water in hydrophobic ethyl ether 

was more than 1000 times greater than in polar 2-butanol with the same water concentration.237 

When excess water is present, high conformational mobility increases the likelihood of 

ƛƴǘŜǊŀŎǘƛƻƴ ōŜǘǿŜŜƴ ŀƴ ŜƴȊȅƳŜΩǎ ƘȅŘǊƻǇƘƻōƛŎ ŎƻǊŜ ŀƴŘ ƻǊƎŀƴƛŎ ǎƻƭǾŜƴǘǎ ǘƘŀǘ ultimately disrupt 

enzyme 3D structure. Thus, increasing the water content beyond a specific limit in a water-

miscible organic co-solvent generally decreases enzyme activity.238 Moreover, enzymes are more 

thermally stable in anhydrous organic solvents than in water because of their conformational 

rigidity in the dehydrated state. Enhanced enzyme thermal stability facilitates their use in higher 
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temperature polymer processing.64 For instance, evaporating solvent from a solution-cast film 

while preserving the activity of enzymes inside could be accomplished at a comparatively higher 

temperature with anhydrous organic solvents. 

In addition to careful solvent selection, a number of strategies (e.g., solvent engineering, protein 

engineering, using lyoprotectants) are now available that allow enzyme use in organic solvents 

under nearly non-aqueous conditions.67,239ς241 Some are very sophisticated (e.g., genetic 

modification) and time-consuming (e.g., isolation of novel enzymes functioning under extreme 

conditions). Solvent engineering with additives or surfactants to modify the solvent environment 

is a relatively straightforward way to enhance enzyme stability in organic solvents.242 Another 

way is to incorporate crystalline or dry enzymes. Since native enzymes are typically insoluble in 

organic solvents, lyophilized powder suspensions must be stirred vigorously to homogenize the 

mixture.64 Note that precautions are needed when handling dusty enzyme protein powders to 

avoid inhalation that could provoke an allergic response. The resulting liquid mixtures with 

crystalline or lyophilized enzymes show more stability and activity in non-aqueous solvents than 

their aqueous enzyme counterparts.  

Factors contributing to enzyme stability in organic solvents are summarized in Figure 1.4. Overall, 

anhydrous non-ǇƻƭŀǊ άƘȅŘǊƻǇƘƻōƛŎέ ƻǊƎŀƴƛŎ ǎƻƭǾŜƴǘǎ ŀǊŜ ƳƻǊŜ ŦŀǾƻǊŀōƭŜ ǘƘŀƴ ǇƻƭŀǊ ŀƴŘ 

ƘȅŘǊŀǘŜŘ άƘȅŘǊƻǇƘƛƭƛŎέ ƻǊƎŀƴƛŎ ǎƻƭǾŜƴǘǎΦ hǇǘƛƳŀƭ ŀƳƻǳƴǘǎ ƻŦ ŜǎǎŜƴǘƛŀƭ ǿŀǘŜǊ ƎǊŜŀǘƭȅ ŜƴƘŀƴŎŜ 

enzyme activity in organic solvents. Lyophilized and crystalline enzyme preparations are more 

accessible to combine with non-aqueous solvents than aqueous liquid enzyme formulations. 
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Finally, solvent engineering using surfactants and additives effectively improve enzyme stability 

in organic solvents.  

 

Figure 1.4: Summary of favorable and unfavorable enzyme stability factors in non-aqueous 
solvents. 
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Table 1.5: Compilation of enzyme activities in non-aqueous solvents (solvents are listed as hydrophobic to hydrophilic). 
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-hamylase Bacillus 

licheniformis 

20 0.5 98 - - - - 98 - 85 - - - - 99 96 243 

-hamylase Nesterenkonia sp. 20 2   11

5 

11

4 

 10

2 

 11

1 

- - - - 108  244 

-hamylase Aspergillus 
agaradhaerens 

30 - 61 - - - - - - - - - - - - 47 238 

Catalase Bovine 30 - - - - - - - - - - 85 12

0 

- - - 245 

Cellulase Mahella 

australiensis 50-

1 BON 

10 - - - - - - - - 80 - - - 90 84 90 246 

Cellulase Bacillus 

vallismortis RG-

07 

30 24 14

3 

11

2 

11

2 

18

0 

- - - 11

6 

- - - 10

4 

107 12

5 

247 

Cellulase Bicillus 

amyliliquefacien

s AK9 

30 24 11

7 

98 10

2 

11

3 

- - - 98 - - - 99 103 10

9 

248 

-̡

Glucosidase 

Aspergillus niger 

NL-1 

20 0.5 - - - - - - - 74 - - - - 92 10

9 

249 

-̡

Glucosidase 

Aspergillus niger 

NL-1 

30 1 - - - - - - - - - - 90 - 90 80 250 
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Table 1.5 Continued 

-̡

Glucosidase 

Aspergillus niger 30 0.5 - - - - - - - - - - - - 130 18

0 

251 

Laccase Rhus vernicifera 10 - - - - - - - - 95 - - - - 75 76 252 

Laccase Bicillus 

licheniformis 

LS04 

30 - - - - - - - - - - - 86 60 122  253 

Lipase Pseudomonas 

aeruginosa 

50 0.5 57 - 19 46 - 35 - - 9

2 

10 99 28 21 25 254 

Lipase Rhizopus oryzae 100 24 98     38 - 88 - - - - -  255 

Lipase Aspergillus niger 

MYA 135 

50 1 75 - - - - - - 99 - - - - 95 95 256 

Lipase Geobacillus 

thermocatenulat

us 

100 - 11

8 

- 72 - - - - - - - - 47 107 72 257 

 

Lipase Candida rugosa 100 1 90 - - - - 57 5

5 

- - - - - - - 258 

Peroxidase  Horseradish 10 - - - - - - - - - - -  84 - - 259 

Peroxidase  Horseradish 10 1 55 - - - 45 80 6

0 

- - - 50 - 60 - 260 

Peroxidase  Horseradish 10 1 - - - - - - - - -  90 - - - 261 

Protease Virgibacillus sp.   25 4 - - - - - 11

4 

 72 - - 85 92 76 14

4 

262 

Protease Bacillus 

subtilis 

50 12 - - 98 - - - - - - - - 54 68 59 263 

Alkaline 

Protease 

Citricoccus sp. 25 1 - 92 40 38 - 18 - 15 - - 95 - - - 264 
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Table 1.5 Continued 

Trypsin Porcine pancreas 10 0.5 - - - - 45 - - - - 58 75 - - - 265 

Xylanase Streptomyces sp. 

CS428 

10 2 - - - - - - - - - - - 11

1 

110 12

1 

266 
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Table 1.6: Relative catalytic activity of enzymes in different surfactant solutions and with ions. 

Enzyme Origin 

O
p

tim
u

m
 

te
m

p
e

ra
tu

re
 

°C
/p

H 

Relative activity in the presence of 
surfactants 

Relative activity in the 
presence of metal ions 

Ref. 

C
o

n
c%

/ 

tim
e

, 
h

r 

S
D

S 

C
T

A
B 

T
X-

1
0
0 

T
w

e
e

n
 2

0 

T
w

e
e

n
 8

0 

A
O

T 

C
o

n
c,

 
m

M
%

/t
im

e
, 

h
r 

N
a+

 

C
a2

+  

M
g2

+  

E
D

T
A 

 

-hamylase Bacillus 
licheniformis 

100/5.0 5-
10/0.5 

55 - 88 110 96 - - - - - - 243 

-hamylase Aspergillus niger 30/7.0 2/- 80 - 90 - - - 2/- 65 75 10
0 

- 267 

Cellulase Bacillus 
amyliliquefaciens 
AK9 

60/5.0 0.5/0.
5 

18 - 88 90 92 - 10/0.
5 

- 79 - 25 248 

Cellulase Bacillus vallismortis 
RG-07 

65/7.0 0.1/1 13
0 

- 10
5 

- 11
6 

- 10/1 14
1 

156 14
6 

- 247 

Dextranase Talaromyces 
pinophilus 

45/6.0 1mM/
- 

10
2 

- - - - - 5/- - 98 91 77 268 

-̡Glucosidase Aspergillus niger 50/5.0 1/0.5 97  23
9 

211 - - 1/0.5 - - 10
0 

100 251 

-̡Glucosidase Aspergillus niger 
NL-1 

60/4.0 - - - - - - - 1/0.5 - 98 95 98 249 

Laccase Bacillus 
licheniformis LS04 

60/- 1/- 70 - - - - - 100/- 10
3 

- - 88 253 

Lipase Geobacillus 
thermocatenulatus 

60/7.0 10/- 10 - 15
6 

5 17  - - - - - 257 

Peroxidase  Horseradish 30/5.5 5/- - - 90 - - - 2/0.2
5 

- 44 - - 259 

Protease Virgibacillus sp.  60/7.0 1/1 78 - 85 106 87 - - - - - - 262 
Protease Citricoccus sp. 40/10.0 5/1 19

6 
- 16

2 
97  - - - - - - 264 
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Table 1.6 Continued 

Protease Bacillus circulans 60/10.0 1/1 93 - 10
7 

- 98 - - - - - - 269 

Protease Metagenomic 55/11.0 1/0.5 10
0 

55 95 - 95 - - - - - - 270 

5/0.5 93 44 79 - 83 - - - - - - 
Protease Bacillus 

subtilis 
50/11.0 1/1 10

0 
- 10

2 
- 97 - - - - - - 263 

Protease Nocardiopsis sp. -/4.0 200 
mM/- 

- - - - - 95 - - - - - 271 

Xylanase Streptomyces sp. 
CS428 

80/7.0 0.25/- 36 - 12
4 

111 11
4 

- 1/- 10
4 

133 55 - 266 

Endo-1,4- -̡
xylanase 

Trichoderma 
longibrachiatum 

- 0.25/- 76 - 17
9 

185 18
0 

- 1/- 11
9 

154 53 - 266 

SDS: Sodium dodecyl sulfate; CTAB: Cetrimethylammonium bromide, TX-100: Triton X-100, AOT: Sodium bis(2-
ethylhexyl)sulfosuccinate, EDTA: Ethylenediaminetetraacetic acid  
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1.3.3. Polymer-solvent-enzyme compatibility 

The primary barrier to enzyme co-immobilization with synthetic polymers is the physical 

incompatibility of hydrophilic enzymes with hydrophobic organic solvents. Native hydrated 

enzymes are insoluble in most organic solvents and will phase-separate from organic solvents 

and organic solvent-polymer solutions.272 Attempts to co-immobilize enzymes that experience 

this physical incompatibility with organic solutions result in low immobilization yield and low 

catalytic activity. Figure 1.5 illustrates enzyme behavior in non-aqueous polymer solutions. When 

enzymes are compatible with non-aqueous media, they maintain their native three-dimensional 

structure, are uniformly distributed throughout the media, and exhibit catalytic activity when 

provided with the chemically required substrates. To overcome phase separation, one way that 

enzymes can maintain their native structure in a hydrophobic environment is by forming 

microemulsions together with surfactants. In comparison, enzymes in incompatible media lose 

their native structure and do not exhibit catalytic activity. Therefore, successful co-

immobilization with hydrophobic polymer media requires careful selection of polymer-solvent-

enzyme compatible triads. The same strategies that enhance enzyme stability in organic solvents 

can be applied to producing hydrophobic polymer-solvent-enzyme compatible triads (Figure 1.6), 

namely: (i) solvent selection and polymer solution engineering, (ii) enzyme selection, formulation 

and modification, and (iii) selection and modification of polymer matrices. 
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Figure 1.5: Illustration of enzyme compatibility (active enzyme) and incompatibility (in-activated 
enzyme) in polymer solutions. 

  

 

Figure 1.6: : Strategies for achieving polymer-solvent-enzyme compatible triads. 
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1.3.3.1. Solvent selection and solution engineering 

The goal of solvent selection and solution engineering is to decrease solvent denaturing effects 

on enzymes. The activity (or solubilizing power) of solvents in polymer solutions is lower than for 

free solvents because solvent molecules are occupied in interactions with polymer molecules.273 

As a result, a more pronounced non-solvent effect of hydrophobic polymer solutions on enzyme 

structure is expected compared to the pure solvent. This can lead to pronounced phase 

separation. However, non-aqueous polymer solutions are also less likely to strip water from 

enzyme structures. Also, because polymer molecules are much larger in size compared to solvent 

molecules, polymer molecules cannot penetrate crevices on the enzyme surface. Therefore, 

hydrophobic polymer solutions do not strip water from enzymes and instead preserve the 

hydration of enzyme active sites by mobile and weakly bound water.234  

Non-polar solvent: Enzymes are less denaturated by non-polar solvents than polar solvents. Non-

polar solvents have less tendency to strip essential structural water from enzymes and have 

minimal interaction with the protein structure.274,275 This implies that polymer solutions mixed 

with enzymes should be prepared using solvents with the lowest polarity available that still give 

adequate polymer solution properties. For example, PCL is soluble in THF, DCM, and 

hexafluoroisopropanol (HFIP). According to their dielectric values (Table 1.4), the polarity ranking 

of these solvents is THF < DCM < HFIP. Therefore, THF is expected to be the best choice for making 

enzyme-compatible polymer solutions with PCL. This principle can also be applied to solvent 

mixtures. For example, PCL dissolved in the mixed solvent DMF/chloroform (2:3) and lipase from 

Burkholderia cepacia were mixed to produce a polymer-solvents-enzyme compatible triad. The 

resulting compatible triad solution was processed by electrospinning to co-immobilize 
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(encapsulate) the enzymes inside the fibers.275 In this example, DMF, which is likely to be 

damaging to enzymes because of its high dielectric value (~38), was combined with low dielectric 

chloroform (~4.8) to provide better spinnability by reducing the solution viscosity while 

preserving a sufficiently non-polar environment for enzyme compatibility. Highly hydrophobic 

non-polar solvents, such as hexane, xylene, and toluene, are good solvents for hydrophobic 

polymers (e.g., PS, PP) and are compatible with enzymes, but phase-separation occurs because 

of immiscibility between these solvents and hydrated enzymes. Using lyophilized enzymes 

instead of liquid enzyme minimizes the phase-separation issue. However, since, enzymes are 

insoluble in organic solvent, the lyophilized enzyme particles should be sufficiently small and the 

polymer-solvent-enzyme suspension should be vigorously mixed to achieve a stable triad.276  

Neat solvent: Enzymes are usually believed to become denatured in organic solvents. This notion 

mainly comes from examining enzymes in aqueous-organic mixtures rather than in pure organic 

solvents.64 When water is not present to lubricate the structure, enzyme molecules become rigid 

and resist denaturing. Therefore, dry enzymes dispersed in polymer solutions made with neat 

organic solvents can form polymer-solvent-enzyme compatible triads. Absent water, protein 

molecular rigidity also makes it possible to apply higher heat during fabrication processes, such 

as solution casting or solution spinning, than is tolerated by enzymes in aqueous environments. 

Once immobilized materials made in this way are exposed to water, enzymes become 

rehydrated, relax their rigid structure and exhibit catalytic activity.    
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Optimizing water activity: Water activity characterizes the availability of water in a system and 

plays a crucial role when enzymes are used in primarily non-aqueous media.277 Water activity is 

defined as the ratio of the partial vapor pressure of water in the solution to the partial vapor 

pressure of free water at the standard state (equation iv).278 In other words, high water activity 

means that water molecules are freely available. In proteins, water acts as a lubricant, promoting 

conformational mobility. Higher water content (and corresponding higher water activity) in 

organic solvents leads to increased enzyme mobility and activity.66 For example, the catalytic 

activity of alcohol oxidase was more than 1000-fold higher in ethyl acetate solvents when the 

water concentration in the solvent was changed from 0.5 to 1.1%.237 However, enzyme catalytic 

activity, and structural stability reach a maximum at a specific amount of water (optimal water 

activity). Once the water content exceeds that limit, the enzyme denatures tendency also 

increases because of higher conformational mobility. The optimal water activity value varies for 

different enzymes. For instance, Candida antarctica lipase B showed optimum catalytic activity 

at less than 0.06 water activity, while Rhizomucor miehei lipase required 0.5 water activity for 

the highest activity.279 On the other hand, glycoside hydrolases require relatively high water 

activity. For example, Pyrococcus furiosus -̡glucosidase needed at least 0.29 water activity for 

the synthesis of pentyl- ̡ -glucoside and  optimal catalytic activity was observed at water activity 

as high as 0.92.280  A similar level of water activity was nŜŜŘŜŘ ŦƻǊ ǘƘŜ ǇǊƻǘŜŀǎŜ ʰ-chymotrypsin 

from bovine pancreas, which exhibited optimal alcoholysis of N-acetyl-L-phenyl-alanine ethyl 

ester at 0.94 water activity.281 On the other hand, water activity largely depends on solvent 

polarity, meaning that at the same quantity of water loading, non-polar solvents have higher 

water activity than polar solvents. For instance, for a 0.2 mole fraction water content, ethyl 
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acetate and ethanol exhibit ~0.99 and 0.4 water activity, and toluene need less than 0.01 mole 

fraction water to achieve ~1.0 water activity.282 The amount of water in organic solvent required 

for optimum enzyme catalytic activity can be calculated from these two values: water activity for 

optimal enzyme catalytic activity and water mole fraction for highest water activity (equation v). 

7ÁÔÅÒ ÁÃÔÉÖÉÔÙ
      

        
ΧΧΧΧΧΧΧΧΧΧΦΦΦΦΧΧΧΧΧΦ(1.4) 

Amount of water for optimum enzyme activity (mole fraction) =  

water activity for optimal catalytic activity * mole fraction of ǿŀǘŜǊ ŦƻǊ ǎƻƭǾŜƴǘ ǎŀǘǳǊŀǘƛƻƴ ΧΧό1.5) 

For instance, CALB has optimum catalytic properties at less than 0.06 water activity and toluene 

solvent becomes saturated with less than 0.01 mole fraction water. Thus, for a PS-toluene-CALB 

triad, the mole fraction of water should not exceed 0.0006 (=0.06*0.01). Similarly, for a PS-

toluene- -̡glucosidase (Pyrococcus furiosus) compatible triad, the optimum mole fraction of 

water in the polymer solution would be 0.092 (=0.92*0.01). By similar calculations (equation v), 

using the water activity and water mole fraction values mentioned above, the optimum water 

quantity for PS-toluene-lipase (Rhizomucor miehei), PS-ethyl acetate-CALB, PS-ethyl acetate- -̡

glucosidase (Pyrococcus furiosus) and PMMA-toluene- -hchymotrypsin can be estimated as 0.005, 

0.002, 0.184 and 0.0094 respectively. The mole fraction of water should be near these values for 

ƻǇǘƛƳŀƭ ŜƴȊȅƳŜ ǎǘŀōƛƭƛǘȅ ƛƴ άƴŜŀǘέ ǎƻƭǾŜƴǘΦ LŦ ǘƘŜ ǾŀƭǳŜ ƛǎ ǘƻƻ ƭƻǿΣ ǎƻƭǾŜƴǘ Ŏŀƴ ǇŜƴŜǘǊŀǘŜ ǘƘŜ 

enzyme and if the value is too high, enzyme has excessive destabilizing mobility. 
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Surfactants and additives: Addition of surfactants or other additives as part of solution 

engineering can overcome water mole fraction limitations and phase-separation issues and 

thereby help water soluble enzymes disperse more readily in organic solvents. Surfactants reduce 

the surface tension between organic solvents and proteins. However, this comes at the risk of 

denaturing enzyme proteins. Therefore, preferred surfactants are those that improve enzyme 

dispersion while retaining the native protein structure. Likewise, the addition of ions can help 

stabilize enzyme protein structure in stressed environments by forming and stabilizing ionic 

bonds within the protein structure. Conversely, ions may also promote agglomeration between 

protein molecules that could exaggerate phase separation by causing protein precipitation. 

These phenomena depend on the specific protein structures, and testing is usually needed to 

assess the true impact of specific additives. The relative activity of enzymes in the presence of 

surfactants and ions compared to their activity without additives is shown in Table 1.6. These 

tabulated activity values are based on studies where enzymes were exposed to the indicated 

surfactant/ion concentrations for the specified time. Overall, enzymes showed higher activity in 

non-ionic surfactants than in cationic or anionic surfactants. In 40% of the consolidated cases, 

the reported catalytic activities either increased or remained unchanged with the addition of 

surfactants and ions. In 72% of the cases, enzymes exhibited at least 80% of their initial activity, 

ŀ ƭŜǾŜƭ ǘƘŀǘ ƛǎ ŎƻƳƳƻƴƭȅ ŎƻƴǎƛŘŜǊŜŘ ǘƻ ǊŜǇǊŜǎŜƴǘ άǊŜǘŜƴǘƛƻƴέ ƻŦ ŀŎǘƛǾƛǘȅΦ  CƻǊ ŜȄŀƳǇƭŜΣ ǘƘŜ 

cellulase from Bacillus vallismortis RG-07 showed relative activities of 130, 105, and 116% in 0.1 

wt% sodium dodecyl sulfate (SDS), Triton X-100 (TX-100), and Tween 80, respectively. The 

relative activity of this same enzyme was 141, 156, and 156% in Na+, Ca2+, and Mg2+, 

respectively.247 In another example, protease from Virgibacillus sp. showed relative activities of 
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78, 85, 106 and 87% in 1% SDS, Triton X-100, Tween 20 and Tween 80, respectively.262 Reduced 

activity in SDS was attributed to enzyme conformation changes. In fact, SDS is commonly used as 

a denaturant during the preparation of enzyme samples for gel electrophoresis. The presence of 

non-ionic surfactants decreased surface tension of the medium with minimal effect on protease 

catalytic activity. Other additives, like chelating agents such as EDTA, can dramatically negatively 

affect enzymes that use ions to stabilize their structures.  

The special importance of surfactants for enzyme immobilization is that their amphiphilic 

properties promote the formation of water-in-oil microemulsions. Hydrophilic enzymes can be 

encapsulated within such reverse micelles and retain their native structure because enzymes will 

partition into the aqueous phase.283 Thermodynamically stable microemulsions can be used for 

co-immobilization material fabrication. Two approaches (single solvent-surfactant and double 

solvent-surfactant solution engineering) have been used to produce surfactant stabilized 

polymer-solvent-enzyme compatible triads (Figure 1.7).  

Single solvent-surfactant microemulsion: In single solvent-surfactant systems (Figure 1.7 A), an 

enzyme solution is dispersed in an organic solvent-surfactant solution to form a reverse micelle 

(RM) water-in-oil microemulsion. In reverse micelles, surfactant molecules are positioned with 

ǘƘŜƛǊ ƘȅŘǊƻǇƘƛƭƛŎ ǇƻƭŀǊ ΨƘŜŀŘǎΩ ŦŀŎƛƴƎ ǿŀǘŜǊ ƛƴǎƛŘŜ ǘƘŜ ƳƛŎŜƭƭŜǎ ŀƴŘ ǘƘŜƛǊ ƘȅŘǊƻǇƘƻōƛŎ ƴƻƴǇƻƭŀǊ 

ΨǘŀƛƭǎΩ ƻǊƛŜƴǘŜŘ ǘƻǿŀǊŘ ǘƘŜ ǎǳǊǊƻǳƴŘƛƴƎ ƴƻƴ-polar organic medium. Enzymes, such as tyrosinase 

and glucose oxidase, residing in the aqueous environment inside the micelle maintain their native 

structure and exhibit catalytic activities comparable to those in the aqueous state.283 Other 

ŜƴȊȅƳŜǎΣ ǎǳŎƘ ŀǎ ʰ-chymotrypsin, laccase, peroxidase, and aldehyde oxidoreductase, are also 
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reported to be well-stabilized and have excellent catalytic activity in RM.284ς287  After forming RM, 

a separate polymer solution is added, or a solid polymer is dissolved in the continuous organic 

phase of the microemulsion, to produce a polymer-solvent-enzyme mixture. The total volume of 

aqueous enzyme solution dispersed in the microemulsion is minimal compared to the total 

organic solvent volume. For example, Shipovskov et al. prepared enzyme microemulsions by 

adding 10 µl of an aqueous phase containing 30 µM solution of glucose oxidase (from Aspergillus 

niger) in an acetate-phosphate buffer solution to 2 ml of an organic phase containing 0.1 M AOT 

in anhydrous octane to produce a microemulsion where the amount of organic phase was 200 

times larger than the aqueous phase.283 In this work, a polymer-solvent-enzyme compatible triad 

was produced by subsequently combining a caoutchouc (1,4-polyisoprene) polymer solution with 

the microemulsion and using the mixture to immobilize glucose oxidase on an electrode by 

spraying. In principle, this single solvent RM approach could be used with any kind of enzyme to 

form polymer-solvent-enzyme compatible triads.  

Double solvent-surfactant microemulsion: The double solvent-surfactant (Figure 1.7 B) 

approach uses two solvents and one surfactant. A surfactant stabilized enzyme (surfactant-

enzyme complex) is prepared using a highly volatile non-polar solvent. A second solvent is used 

to redissolve the enzyme-surfactant complex and dissolve the polymer to produce a uniform 

enzyme-containing polymer solution. In this method, buffer solution containing enzyme is mixed 

thoroughly with a surfactant-loaded non-polar dry organic solvent and allowed to phase-

separate. The hydrophilic surfactant head binds to the enzyme and the hydrophobic tail interacts 

with the organic solvent, causing the enzyme-surfactant complex to be drawn into the organic 

phase and separated along with the organic layer. After separating the organic from the aqueous 
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layer and evaporating the organic solvent from the separated layer, a stabilized surfactant-

enzyme complex is formed that can be homogeneously combined with other suitable organic 

solvent-polymer systems.  

 

Figure 1.7: Polymer solution engineering approaches using a surfactant to produce a polymer-
solvent-enzyme compatible triad. 

 

Numerous works utilizing this strategy have been reported.110,288,289 For example, Herricks et al. 

produced a polystyrene-toluene- -hchymotrypsin compatible triad polymer-enzyme solution.110 

¢ƘŜ ʰ-chymotrypsin (CT) enzyme was first dissolved in a Bis-Tris propane buffer solution and 

mixed with hexane containing (2 mM) dioctyl sulfosuccinate (AOT) surfactant. The solution was 

homogenized by rapid stirring and then centrifuged. The resultant top layer of hexane was 
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separated from the aqueous phase, and the hexane was evaporated under a nitrogen stream to 

leave behind the AOT-CT complex. Since polystyrene is not soluble in hexane, the dried CT-AOT 

complex was added to toluene, which is a good solvent for PS. A separate PS solution was 

prepared by dissolving PS into an AOT-toluene solution (0.1 g/ml for AOT). Then the two solutions 

were mixed thoroughly by vortexing. The enzyme was stable in the new solvent system because 

a hydrated layer formed within AOT stabilized enzymes through the hydrophilic sulfosuccinate 

ǎǳǊŦŀŎǘŀƴǘ άƘŜŀŘέΣ ǿƘƛƭŜ ǘƘŜ ŘƛƻŎǘȅƭ άǘŀƛƭέ ǿŀǎ ǎǳŦŦƛŎƛŜƴǘƭȅ ƘȅŘǊƻǇƘƻōƛŎ to interact well with 

toluene and suspend the enzyme-surfactant complex in the organic solvent. Different recipes of 

the final solutions were used to produce nanofibers by electrospinning, where CT was entrapped 

in the nanofibers as the polymer solutions rapidly solidified during extrusion by evaporation of 

toluene solvent. Immobilized CT nanofibers made in this way without surfactant lost activity very 

rapidly (complete activity loss within a few hours), while immobilized CT with AOT stabilization 

retained at least 30% relative activity after one-week storage in buffer, confirming that polymer-

solvent-enzyme compatible triads were produced. Another example of the two solvents 

approach was reported by Ganesh et al.288. In this work, Candida antarctica lipase (CALB) was 

extracted from an aqueous phase to an organic phase by using 2 mM AOT/anhydrous isooctane. 

The aqueous media contained CALB (0.5 mg/ml), calcium chloride (9 mM), isopropyl alcohol 

(0.25% v/v) and sodium acetate buffer (20 mM, pH: 4.5). Equal volumes of aqueous and organic 

phases were mixed using a bench top shaker at 30 °C for 15 min at 100 rpm. The organic layer 

was separated using a centrifuge and solvent was evaporated to form an ion-paired CALB-

surfactant complex. The ion-paired CALB complex dissolved in anhydrous toluene solvent, was 

mixed with 10% w/v PCL-anhydrous toluene solution to form a polymer-solvent-enzyme 
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compatible triad. Several prospective hydrophobic polymer-solvent compatible systems (from 

Table 1.4) and enzyme-solvent compatible systems (from Table 1.5) that could form triads are: 

PS-benzene-(lipase-AOT complex), PS-xylene-(lipase-AOT complex), PS-benzene-(chymotrypsin-

AOT complex), PS-xylene-(chymotrypsin-AOT complex), PCL-toluene-(lipase-AOT complex), and 

PCL-DMF-(lipase-AOT complex).  

 

1.3.3.2. Enzyme selection, formulation and modification  

Organic solvent tolerant enzymes: Appropriate enzyme selection (isolation of novel enzymes 

functioning under extreme conditions) or modification of enzyme structures (protein 

engineering) to increase their resistance toward organic solvent is important for developing 

polymer-solvent-enzyme compatible triads. Strategies used to select and adapt enzymes to 

synthetic chemistry reaction environments in organic solvents are relevant, including protein 

engineering to stabilize enzymes in the presence of organic solvents and selecting natural 

enzymes which are organic solvent-stable.290 Although natural enzymes generally display lower 

catalytic activity in organic solvents, certain types of enzymes nevertheless exhibit substantial 

catalytic activity and stability in organic solvents.66 In particular, interfacial active lipases that 

evolved naturally to act at water/lipid interfaces291 or enzymes isolated from extremophiles292 

(e.g., organic solvent tolerant bacteria, halophilic, and alkaliphilic organisms) show good stability 

in organic solvents. The isolated protease and lipase from Pseudomonas aeruginoa tǎŜ!Σ ʰ-

amylase from Halocarcula sp. strain S-1, and alkaline phosphatase from Streptomyces 

clavuligerus strain Mit-1 demonstrate organic solvent tolerance.293ς296   



 

56 
 

Lyoprotected lyophilized and crystalline enzymes: A general strategy for preserving enzyme 

activity is lyophilizing enzymes in the presence of lyoprotectants, such as sugars, poly(ethylene 

glycol), inorganic salts (notably KCl), substrate-resembling ligands, and crown ethers.64,241 

Lyoprotectants maintain enzyme structure during freeze-drying. Enzymes lyophilized in the 

presence of lyoprotectants remain catalytically active and stable in non-aqueous media because 

the drying environment is presumed to lock enzyme molecules into their kinetically optimal 

conformations. For instance, sorbitol-protected subtilisin Carlsberg protease was 25 times more 

reactive in transesterification reactions than its non-protected counterpart.240 Similar 

phenomena have been observed with crystalline enzymes. Protected lyophilized and crystalline 

enzymes exhibit excellent resistance to dehydration-induced denaturation in various, mainly 

nonpolar, organic solvents. For example, lyophilized subtilisin Carlsberg protease from Bacillus 

subtilis showed robust catalytic activity in dry hexadecane, octane, and tert-amyl alcohol.239 The 

ǎŀƳŜ ǎǘǳŘȅ ǊŜǇƻǊǘŜŘ ǘƘŀǘ ŎǊȅǎǘŀƭƭƛƴŜ ʰ-chymotrypsin from bovine pancreas had excellent 

catalytic activity in the presence of hexadecane and octane solvents. Both crystalline and 

lyophilized enzymes have excellent physical stability in hydrophobic solvents because in the 

absence of water, the kinetic energy required to change their native molecular conformation 

increases.66 Crystalline and lyophilized enzymes are expected to show a similar structural stability 

mechanism in polymer solutions made with dry organic solvents, especially solutions of 

hydrophobic polymers in non-polar solvents, such as PS-toluene or PS-hexane. Vigorous mixing 

must be applied to disperse enzymes into the polymer solution to achieve a stable polymer 

suspension. 
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ΨaƻƭŜŎǳƭŀǊ ƳŜƳƻǊȅΩ ŜŦŦŜŎǘΥ ΨaƻƭŜŎǳƭŀǊ ƳŜƳƻǊȅΩ ƛǎ ŀ ŦŀǎŎƛƴŀǘƛƴƎ ǇǊƻǇŜǊǘȅ ƻŦ ŜƴȊȅƳŜǎ ƛƴ ƻǊƎŀƴƛŎ 

solvents.297,298 In this phenomenon, enzyme properties in organic solvents depend on their prior 

processing history; they carry over properties that were adopted in their previous solution 

environment. This happens because high conformational rigidity imposed by anhydrous 

environments preserves prior enzyme structure. Since pH is one of the most influential 

parameters affecting enzymatic activity in an aqueous solution, enzymes lyophilized from their 

optimum buffer solution retain their optimal catalytic structure (pH memory). This optimal 

ƛƻƴƛȊŀǘƛƻƴ ǎǘǊǳŎǘǳǊŜ Ŏŀƴ ōŜ ǊŜǘŀƛƴŜŘ ƛƴ ǘƘŜ ƻǊƎŀƴƛŎ ǎƻƭǾŜƴǘǎΦ ¢ƘŜ ΨǇI ŀŘƧǳǎǘŜŘΩ ƭȅƻǇƘƛƭƛȊŜŘ 

enzymes show great physical and catalytic stability in organic solvents. For instance, the rate of 

transesterification of N-acetyl-L-phenylalanine ethyl ester substrate in octane solvent catalyzed 

ōȅ ŀ άǇI ŀŘƧǳǎǘŜŘέ ǎŀƳǇƭŜ ƻŦ ǎǳōǘƛƭƛǎƛƴ /ŀǊƭǎōŜǊƎ ŦǊƻƳ Bacillus subtilis is 75 times greater than 

ǘƘŀǘ ƻŦ ǘƘŜ ŜƴȊȅƳŜ άǎǘǊŀƛƎƘǘ ŦǊƻƳ ǘƘŜ {ƛƎƳŀ ōƻǘǘƭŜέΦ237 Enzyme lyophilization in the presence of 

ƭȅƻǇǊƻǘŜŎǘŀƴǘǎ Ŏŀƴ ǇǊƻǾƛŘŜ ŀ ōŜƴŜŦƛŎƛŀƭ ά[ƛƎŀƴŘ ƳŜƳƻǊȅέ ŜŦŦŜŎǘ299 that results in higher catalytic 

activity in organƛŎ ǎƻƭǾŜƴǘǎΦ CƻǊ ŜȄŀƳǇƭŜΣ ʰ-chymotrypsin lyophilized from an aqueous solution 

with N-acetyl-L-phenylalanine ligands showed 35-times higher catalytic activity during 

transesterification reactions in octane solvent than without lyophilizing counterparts.239 Such 

lyophilized protected enzymes could keep their memory effect in the dry organic solvent to 

produce compatible enzyme-polymer solutions. Importantly, enzymes lose their molecular 

memory effect in the presence of small amounts of water in organic solvents.298 Therefore, neat 

solvent polymer solutions have greater potential for forming enzyme compatible triads than 

aqueous-organic mixed solvents.     
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1.3.3.3. Selection and modification of polymer matrices 

Fundamentally, the selection of polymer for the immobilization matrix depends on the chemo-

physical behavior required by the fabrication method and on the performance required by the 

immobilized enzyme application. Polymer-solvent-enzyme compatible triads can be prepared by 

selecting aqueous soluble polymers, changing the functionality of polymers, or by in-situ mini-

emulsion polymerization of hydrophobic polymers with aqueous enzyme solutions. Careful 

polymer selection can minimize the extent of solution engineering, enzyme selection and protein 

engineering needed to produce enzyme compatible polymer solutions.  

    

Aqueous-soluble polymers: Aqueous-soluble polymer solutions are generally compatible with 

aqueous-soluble native enzymes. Therefore, using aqueous-soluble polymers is the simplest way 

to produce polymer-solvent-enzyme compatible solutions. Advantages of these systems are their 

simple and environmentally friendly fabrication methods (e.g., adding CaCl2 salt for alginate 

precipitation, or water vapor evaporation during spinning processes) and the diverse end 

applications they enable, including enzyme stability and reaction in non-aqueous media, 

controlled release of enzymes, and rapid aqueous dissolution of solid-product enzyme 

formulations that have been made in convenient shapes, like granules, films and fibers. 

Commonly used aqueous-soluble natural polymers include chitosan, alginate salts, and agarose 

salts. Common synthetic polymers include PVA, PEO, and PEG. Aqueous solutions made with 

these polymers are directly mixed with aqueous enzyme preparations, usually in the presence of 

a buffer to control the pH, followed by a solidification step to achieve enzyme co-immobilization. 

Table 1.3 lists several aqueous soluble polymer-enzyme combinations, such as Trichoderma 
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reesei cellulase encapsulated in alginate beads,105 Bacillus licheniformis maltase encapsulated in 

agarose beads,72 Aspergillus niger -̡D-glucosidase entrapped in chitosan beads,87 and 

horseradish peroxidase entrapped in PVA electrospun fibers.173 Others enzymes can also be 

mixed with these water-soluble polymers to form polymer-solvent-enzyme compatible triads for 

enzyme co-immobilization. 

 

Hydrophobic polymers: From a reaction process perspective, main advantages of hydrophobic 

polymers as enzyme immobilization matrices are their durability and insolubility in aqueous 

solutions, making repeated use in aqueous applications possible. Selecting polymers that can be 

formed by emulsion polymerization is a mild and efficient way to immobilize hydrophilic enzymes 

that do not readily combine with hydrophobic polymers. During mini-emulsion polymerization, 

polymer synthesis from monomers and enzyme immobilization take place simultaneously during 

the polymerization reaction. Typically, monomers and initiators are dissolved in the organic 

solvent phase, while the aqueous phase consists of water, enzyme, surfactants, and additives. 

Enzymes are co-immobilized in/on the synthesized polymer by single-step mini-emulsion 

polymerization.99ς103,300 For instance, Candida antarctica lipase B (CALB) was immobilized using 

PMMA nanoparticles by mini-emulsion polymerization.102 The organic phase comprised methyl 

ƳŜǘƘŀŎǊȅƭŀǘŜ ƳƻƴƻƳŜǊǎΣ /ǊƻŘŀƳƻƭ όŀ Ŧǳƭƭȅ ǎŀǘǳǊŀǘŜŘ ǘǊƛƎƭȅŎŜǊƛŘŜύΣ ŀƴŘ ŀƴ ǎƻƭǳōƭŜ ƛƴƛǘƛŀǘƻǊ όнΣнΩ-

azobisisobutyronitrile (AIBN)). The aqueous phase contained water, SDS as a surfactant, CALB 

enzyme, and a water soluble initiator (potassium persulfate). The organic phase was added to 

the aqueous phase to form a dispersion that was stirred for 10 minutes, followed by two minutes 

of sonication. Finally, the polymerization reaction was completed at a constant temperature (70 
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°C), resulting in PMMA nanoparticles with co-immobilized CALB enzyme that exhibited increased 

relative enzyme activity with increased enzyme loading. In other work, glucose oxidase was 

encapsulated in poly tert-butyl methacrylate nanocapsules via inverse mini-emulsion periphery 

reversible addition-fragmentation chain-transfer (RAFT) polymerization.301 In inverse mini-

emulsion polymerization, the continuous phase (95% of total volume) contains monomers, 

crosslinkers, initiators, and RAFT agent in toluene solvent, and the dispersed aqueous phase (5% 

of total volume) comprises enzyme (e.g. glucose oxidase) in PBS buffer. Photoinitiated 

polymerization is carried out for 1 hr under blue LED light with constant stirring whereupon 

enzymes become encapsulated in the polymeric nanocapsules (~200 nm). By this method, 

encapsulated glucose oxidase showed 71-100% relative activity compared to free glucose 

oxidase. In addition, nanocapsules protected the enzymes, as evidenced by almost full retention 

of encapsulated enzyme activity in an organic solvent environment, whereas free glucose oxidase 

lost all activity through denaturation. Similar mini-emulsion approaches can be employed for 

other enzyme polymer systems like CALB-PS and amylase-PMMA. 

  

Improving functionality of polymers: Polymer blends and copolymers often increase polymer 

functionality and enzyme compatibility. Increased polymer functionality can improve polymer-

enzyme interactions to achieve higher immobilization yield and triggered stability. In addition to 

enhancing enzyme compatibility, polymer blending can improve mechanical stability, thermal 

properties, chemical functionality, hydrophilicity, and improve fabrication properties such as 

spinnability, such as for electrospinning processes. For example, blending PVA with chitosan 

improves the poor mechanical stability and film-forming ability of chitosan while the presence of 
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added functional groups (amino) from chitosan increases polymer-enzyme interactions in the 

blend compared to neat PVA.144,171,302 The imparted properties of the PVA-chitosan blend 

facilitate enzyme co-immobilization in fabrication processes such as solution casting and solution 

spinning. For instance, phytase from cowpea seed is added to PVA-chitosan (90:10) acetate 

buffer solution to produce an enzyme-polymers-solvent compatible triad that entrapped 

enzymes in PVA-chitosan nanofibers by electrospinning.164 Table 1.3 reports additional polymer 

blends, copolymers, and enzyme pairs prepared by co-immobilization from enzyme-compatible 

polymer solutions such as horseradish peroxidase encapsulated in chitosan-PEG particles101, 

Candida antarctica lipase adsorbed on poly(urea-urethane) nanoparticles103, Yarrowia lipolytica 

lipase entrapped in chitosan-alginate beads104, Aspergillus niger monoamine oxidase 

encapsulated in PVA-PEG gels147 and Bacillus licheniformis maltase entrapped in polyacrylamide 

(acrylamide and bisacrylamide copolymer) beads.72 Examples of post-immobilization 

functionality achieved by manipulation of physical and chemical properties of copolymers and 

polymer blends include creation of reversibly soluble immobilized enzymes303, creation of 

nanoporous immobilization matrices with well-defined architecture using self-assembled 

sacrificial copolymer blocks304, and creation of open pore immobilization microstructures using 

one polymer in the blend as a sacrificial porogen.305   

 

1.3.4. Evaluation of immobilized enzyme activity 

Many different enzyme activity assays exist and continue being developed, so there is no attempt 

to detail them here. However, there are some general principles to consider when developing 

assays to evaluate immobilized enzyme activity. Most importantly, immobilized enzyme activity 
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assays often require modified approaches compared to free enzyme activity assays because solid 

carriers create a heterogeneous phase in the enzyme assay which can interfere with reaction 

kinetics and interfere with spectrophotometric detection that is commonly used in enzyme assay 

measurements. The changed physical size of immobilized enzymes compared to free enzymes, 

and the enzyme location in or on the carrier matrix and exposure of enzyme active sites to 

dissolved substrates impact apparent enzyme reaction kinetics. Likewise, the presence of carrier 

materials can physically block the path of light sources used by spectrophotometric methods to 

detect changes in the reaction media that allow quantification of enzyme activity. Sometimes 

assay reagents can interact with the carrier, causing additional interference. Therefore, 

adaptation of enzyme assays, adjusting the selection of reagents, or changing the handling of 

samples during the assay (such as implementing solid-liquid filtration steps), is often required to 

enable analytical comparison between free and immobilized enzymes, as well as to evaluate 

immobilized biocatalyst robustness for material optimization. These considerations are especially 

ƛƳǇƻǊǘŀƴǘ ǿƘŜƴ ŜƴȊȅƳŜ ǊŜŀŎǘƛƻƴ ƪƛƴŜǘƛŎǎ ŀǊŜ άŘƛŦŦǳǎƛƻƴ ƭƛƳƛǘŜŘέ ƳŜŀƴƛƴƎ ǘƘŀǘ ǘƘŜ ǊŀǘŜ-limiting 

step is the physical transport of substrate to the enzyme active site, rather than the rate of the 

catalytic reaction itself. Diffusion limitations can sometimes be overcome by improving the 

reaction mixing efficiency. Adequate mixing may be identified by increasing mixing speeds until 

no further increase in reaction rates is observed, although this may still leave a gap between the 

activity expected for the heterogeneous immobilized system and what would be expected based 

on the enzyme loading when compared to a comparable amount of homogenous free enzyme.  
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To overcome reaction kinetics interference by the carrier itself, it can be importanǘ ǘƻ άǎƭƻǿ 

Řƻǿƴέ ǘƘŜ ƻǾŜǊŀƭƭ ŜƴȊȅƳŜ ǊŜŀŎǘƛƻƴΦ Lƴ ŎŜǊǘŀƛƴ ŎŀǎŜǎΣ ǘƘŜ ŀŎǘƛǾƛǘȅ ŀǎǎŀȅ Ŏŀƴ ōŜ ǎƭƻǿŜŘ Řƻǿƴ ōȅ 

using an alternative enzyme substrate. For example, Shen et al. reported using the slower ester 

hydrolysis activity of carbonic anhydrase (CA) to carry out a colorimetric hydrolysis reaction of p-

nitrophenyl acetate (p-NPAc) in measuring the apparent activity of CA immobilized on cotton 

fiber textiles by entrapment with chitosan.36 The conventional Wilbur-Anderson (W-A) type 

assay, which measures fast CO2 hydration using dissolved CO2 as the substrate, was found 

unsuitable for measuring the immobilized CA activity because the rate of the control reaction, 

detected by colorimetric indicator of pH change, was faster than the diffusion of adequate 

substrate to immobilized enzyme active sites. In addition to substrate selection, taking advantage 

of the immobilized enzyme carrier shape can overcome assay obstacles. For example, in the same 

work by Shen et al, the CA immobilized textile samples were either coiled at the  perimeter of 

each well in a spectrophotometer multi-well assay plate or were cut into doughnut shapes that 

allowed the signal light to pass unhindered through the assay solution.36  

 

For enzymes immobilized on small-sized carriers, sufficient continuous mixing is a practical way 

to overcome assay obstacles. Mixing works well for enzymes immobilized on particles, 

nanoparticles, beads or nanofibers that can be dispersed as suspensions and behave like 

dissolved enzymes when incubated with dissolved substrates.23 After incubation, the reaction is 

stopped by a suitable reagent and/or the supernatant is separated from the solids by 

centrifugation or filtration to stop the reaction and produce a clarified liquid that can be 

measured for absorbance to quantify enzyme activity. Immobilized enzyme carriers that do not 
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form stable suspensions require constant shaking or stirring while incubating with the dissolved 

substrate.26,85,103 However, it may not be possible to apply the above approaches to enzymes that 

are deliberately encapsulated in durable carriers (e.g. for controlled release) because durable 

carriers can block enzyme active sites from the assay substrate. In these cases, the active sites 

first need to be unblocked (e.g. by dissolving, cutting or otherwise disrupting the carrier) and 

then subjected to the enzyme assay.  

 

Finally, depending on the situation, enzyme analytical activity alone may not be sufficient to 

accurately quantify immobilized enzyme performance in a particular application. In this case, 

application-relevant test methods are needed that position the immobilized enzyme in contact 

with the (usually flowing) reaction media together with suitable detection methods to monitor 

for the desired conversions of substrates to products. This remains an active area of research, 

discovery and development as the use of enzymes expands to new areas.   

 

1.4.  Conclusion  

This review has aimed to create a guide for selecting polymer-solvent pairs (polymer solutions) 

in which enzymes can survive with substantial catalytic activity and that are useful for enzyme 

immobilization, preferably by single-step fabrication methods. Compatible polymer-solvent-

enzyme triads facilitate the use of solvent-based approaches to fabricate immobilized enzyme 

structures in versatile shapes, like fibers, films, and beads, with high immobilization yield, high 

activity retention, longevity, and repeatable application. Solution processing is advantageous 

because it can be used with a broad range of polymers, even with polymers that do not melt. 
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Under sufficiently mild conditions, enzymes can be included in numerous different polymer 

solutions when proper attention is paid to component interactions.  

 

The strategic approaches for producing enzyme compatible polymer solutions are different for 

water-soluble and hydrophobic polymers. Enzymes simply mixed with water-soluble polymers 

form polymer-water-enzyme compatible triads that can be directly subjected to fabrication and 

then solidified by removing water. However, water-soluble polymer-carriers require 

modification, such as cross-linking, to achieve repeatable use in aqueous environments.  

Preparing polymer-solvent-enzyme compatible triads using water-insoluble hydrophobic 

polymers includes selecting lyoprotected or crystalline enzymes, extremozymes, non-polar 

solvents, emulsion polymerization, and solution engineering. Extremozymes and lyophilized 

enzymes with inherent stability in dry non-polar solvents can produce polymer-solvent-enzyme 

compatible triads simply by dispersing dry enzyme powders in the polymer solution with vigorous 

mixing. The addition of lyoprotectants (e.g., PEG, sugar, inorganic salts) that prevent enzyme 

deformation during lyophilization, should impart similar stabilizing effects during rapid drying 

fabrication processes, like fiber spinning, which expands the fabrication and use the versatility of 

these materials. When the polymer synthesis mechanism allows, in situ emulsion polymerization 

is a mild way to entrap enzymes, and further exploration of this field can lead to novel fabrication 

approaches. Solution engineering using surfactants is convenient for altering solution properties 

and may ultimately be the most effective strategy for producing a broad range of enzyme-

compatible polymer solutions, especially when using synthetic polymers. A lingering challenge is 

that hydrophobic polymer matrices can block enzyme active sites during material fabrication, 
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and more research is needed to overcome this issue. Imparting matrix porosity and increasing 

surface area are two approaches that can help. These can be achieved by fabricating nanoscale 

structures or incorporating volatile or water-soluble small moleŎǳƭŜǎ όΨǇƻǊƻƎŜƴǎΩύ ŘǳǊƛƴƎ 

immobilization matrix synthesis. Depending on the fabrication method, a sufficiently volatile 

solvent itself may participate in helping increase the co-immobilization matrix surface area to 

force enzymes toward the surface so that more active sites are accessible to substrates.  

 

Enzyme co-immobilization in polymers with diverse properties and versatile matrix fabrication 

methods that expand the creation of various shapes and levels of durability will improve 

performance and lead to new applications, such as controlled degradation packaging, sensors, 

responsive medical textiles, controlled release biocatalysts, durable functional filters, and bio-

catalytically active cleaning materials. Appropriate selection of polymer-solvent-enzyme 

combinations will improve the chances of success in these endeavors and help extend the utility 

of immobilized enzyme catalysts. 
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1.5. Motivation and Objectives 

The potential to use enzymes in new ways can be expanded by controlling their placement in the 

desired reaction zone, ideally in a way that extends enzyme longevity and improves enzyme 

robustness to broad temperature and pH conditions. Enzyme immobilization in a solid carrier is 

a prospective solution for enzyme placement. The structure of supporting materials strongly 

affects the performance of an immobilized enzyme. Nanomaterials such as nanofibers and 

nanoparticles have a high surface-to-volume ratio of nanomaterials, provide a high enzyme 

loading, and often the associated high porosity of nanomaterials provides accessibility to enzyme 

active sites resulting in the low diffusion resistance necessary for a high reaction rate. 

Electrospinning and solution blown spinning techniques are perfect tools for producing 

nanofibers. Electrospun nanofibers are highly uniform but have low fiber production efficiency; 

e.g., at a lab scale with a single needle system, only 0.2 gm/hr fiber yield from 20% polystyrene 

(PS) solution with a 15 kV driving force was reported.306  In contrast, solution blown techniques 

can produce much higher yield fibers, e.g., 1.4 gm/hr fiber yield was produced in a single needle 

system from the same PS concentration (20%) with 138 kPa air pressure driving force.193 This 

suggests that, at least for some polymer-solvent systems, solution blowing could have seven 

times higher production efficiency than electrospinning. 

  

Numerous prior works report enzyme entrapment and encapsulation on/into electrospinning 

nanofibers. However, enzyme immobilization with solution blown fibers is new. The attachment 

of enzymes in solution blown nonwoven fibers will generate new knowledge on the extent to 

which enzymes combine with solvents and polymers that are amenable to solution blowing and 
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enable evaluation of the characteristics and utility of these new materials. It would explore a 

more polymer-solvent-enzyme compatible triad that solvent is not limited only to high dielectric 

properties. Enzyme immobilization in advanced textile fibers is a boundary-spanning concept. 

Enzyme researchers do not typically have access to advanced fiber-forming processes, nor do 

they have the knowledge base to successfully combine enzyme, polymer solution, and solution 

blowing process technologies. Fiber extrusion experts do not typically have backgrounds in 

biocatalysts. This proposed work will connect these two concepts to fill the gap. The proposed 

work will utilize extraordinary nonwoven fibrous properties together with enzyme biocatalysts 

to produce new functional materials. This work applies solution-blown methods to produce 

nonwoven supporting materials for enzyme immobilization.  

 

This proposed work aims to produce enzyme-functionalized solution-blown nonwovens and 

characterize catalytic properties. The three broad objectives of the proposed work are:  

Objective 1: Develop a solution blowing process for producing Enzyme Functionalized Solution 

Blown Nonwovens (EFSBN) with high enzyme activity and desirable physical properties of the 

nonwoven webs for targeted model applications. 

Objective 2: Characterize the chemical, physical and biocatalytic properties of the EFSBN, 

including stability, distribution, and position of the entrapped enzymes. 

Objective 3: Validate the anticipated application features of EFSBNs, including enhanced storage 

and thermal stability, controlled release, and durable reactivity. 
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2. Chapter 2:    Protease immobilization in solution blown 

polyethylene oxide nanofibrous nonwoven webs 

The content of this chapter was previously published with the following citation: Asaduzzaman, 

CƴǳΤ {ŀƭƳƻƴΣ {ƻƴƧŀΦ άProtease immobilization in solution blown polyethylene oxide nanofibrous 

ƴƻƴǿƻǾŜƴ ǿŜōǎΦέ ACS Applied Engineering Materials (2022) Accepted on November 7, 2022. 

doi.org/10.1021/acsaenm.2c00111 

 

Abstract: 

Unique enzyme functionalized solution blown nonwoven (EFSBN) fibers were produced by a 

single-step solution blow spinning (SBS) method that utilizes high velocity gas to simultaneously 

extrude the co-dissolved polymer-solvent-enzyme spinning solution and evaporate solvent at 

mild conditions to form a nanofibrous web with preserved enzyme activity. This is the first report 

of direct enzyme immobilization by solution blow spinning with the first physicochemical 

characterization of the novel fibers produced. A broad concentration range of (0.6-7.4 wt% 

protein) of subtilisin A protease from Bacillus licheniformis was successfully entrapped by 

polyethylene (PEO) during solution blow spinning nonwoven web production. The presence of 

enzyme protein in the solid nanofibers was detected by Fourier Transform Infrared Spectroscopy 

(FTIR) and X-ray photoelectron spectroscopy. Time of flight-secondary ions mass spectroscopy 

(ToF-SIMS) and laser confocal microscopy revealed the immobilized enzymes were mainly 

positioned inside the fibers and homogeneously distributed throughout the webs. Scanning 

electron microscopy (SEM) showed that fiber shape and diameter of PEO nanofibers containing 

enzymes were irregular compared to PEO-only nanofibers. Residual enzyme activity in the webs 

was measured by redissolving fibers in buffer and comparing the released enzyme activity to non-

immobilized free enzyme using a casein substrate-based assay. Immobilized protease (1.3% 

https://doi.org/10.1021/acsaenm.2c00111
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(w/w) protein in solid dry nanofiber webs) retained more than 90% of the free enzyme activity. 

Protease immobilized in solid nanofiber webs exhibited long storage stability at ambient (~22 °C) 

and 4 °C temperature storage conditions, with more than 60% remaining catalytic activity after 

300 days compared to the initial activity. Immobilized protease had equally good thermal stability 

as a stabilized liquid commercial protease, both retaining above 95% of their initial activity after 

treatment for 12 hrs at 65 °C. In contrast, the same liquid protease diluted in buffer lost activity 

within 2 hrs at that temperature. The non-dusting, readily aqueous-soluble EFSBN solid materials 

are easy to handle and have good storage stability compared to liquid products. 

Keywords: Immobilization, nonwoven, protease, polyethylene oxide, solution blow spinning, 

storage stability. 

 

2.1. Introduction  

Enzymes are protein-based biocatalysts with highly specific, selective, and excellent catalytic 

activity in chemical and biochemical reactions. Their ability to operate at mild pH, temperature, 

and pressure conditions allow enzymes to be used as benign catalysts in textile processing, food 

processing, and pharmaceutical synthesis to replace current harsh chemicals and, consequently, 

save energy.79 Enzyme proteins can be dissolved or mixed directly into many types of batch 

processes or as ingredients or process aids in products.19 Enzymes can be immobilized by 

entrapping them in microspheres307 or attaching them to inert, insoluble supporting materials.36 

Immobilized enzymes offer many advantages over their free forms, including easy recovery and 

possible reuse, improved stability, rapid termination of enzyme-catalyzed reactions, and avoiding 
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protein contamination of the final product.32 Some immobilization systems are primarily for 

product formulation, where they perform stabilization, packaging, and delivery roles.66,301  

Proteases (E.C.3.4), representing 25-30% of the global enzyme market,308  are an important 

category of enzymes. Proteases catalyze the hydrolysis of peptide bonds, causing proteins to 

break down into smaller polypeptides or single amino acids. Such proteolytic reactions are useful 

across a broad range of consumer, medical and industrial applications, such as laundry,262 

pharmaceutical,309 food,310 beverage,311 textile,312 leather processing,313 and industrial waste 

treatment.314 However, protease enzymes suffer from self-hydrolysis of peptide bonds in 

neighboring protease enzyme molecules, leading to poor storage stability, unless stabilizers are 

added that minimize water activity in liquid enzyme products, or unless the enzymes can be 

stored in lyophilized form. Protease attachment to inert materials (enzyme immobilization) 

increases enzyme stability, including storage120 and thermal stability.124 Immobilization 

techniques and the supporting material properties play a vital role in enzyme loading and activity 

retention. Nanomaterials are viewed as favorable immobilization matrices because they have 

high surface area that provide high enzyme immobilization yields.92,164,315 Such high surface area 

materials could offer additional benefits as a delivery system for entrapped enzymes. Mild, 

single-step co-immobilization techniques such as solution blow spinning, spray drying and 

electrospinning that form nanoscale solid products from enzyme-compatible polymer solutions 

by versatile continuous processes would be an excellent approach for creating certain types of 

immobilized enzyme products by encapsulation or entrapment.316  
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Solution blow spinning (SBS) is a fiber processing method that produces micro-, submicron- and 

nanofibers in a continuous process from polymers dissolved in volatile solvents. The resulting 

fibers have different properties depending on the polymers used. Electrospinning is also capable 

of producing nanofibers, however, whereas electrospinning requires high electric voltage and a 

specific target to attenuate fibers, solution blowing uses high-pressure gas to extrude fibers from 

a concentric nozzle onto an arbitrary target with relatively high throughput. A solution blow 

spinning unit with a single annular die, including a spinning nozzle with an annular gas cavity 

surrounding it, is illustrated in Figure 2.1. A polymer solution is injected from a syringe pump to 

the core nozzle, and high pressure (speed) air or gas is delivered through the concentric nozzle. 

The polymer solution throughput is controlled by a peristaltic pump and a pressure regulator 

controls air pressure. The pressurized air generates a driving force that stretches the central 

polymer jet. After a short straight path, the polymer solution jet is subjected to both stretching 

and bending instability. These two instabilities result from the attenuation of the polymer 

solution jet and accelerate solvent evaporation. As the solvent evaporates, polymers solidify into 

nanofibers that can be collected on any type of collector placed in the path of the blowing 

jet.317,318  

 

SBS fibers have a similar fiber morphology compared to electrospun fibers, but SBS is capable of 

higher polymer throughput leading to higher fiber yields, which reduces the cost of fiber 

production.317,319 Moreover, solution blowing enables rapid fiber formation from polymeric 

materials that cannot be processed by melt blowing, such as polymers that degrade or 

decompose before melting. SBS is scalable to large manufacturing configurations, making it  
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Figure 2.1: Schematic diagram of a single-needle solution blowing process. 

 

commercially relevant across numerous applications.317 Furthermore, solution blowing is not 

limited to thermal-sensitive polymers or high dielectric constant solvent-soluble polymers. This 

robust process can equally be used with petroleum-derived thermoplastic polymers solutions or 

biopolymer solutions to produce nanofiber webs. In view of this, SBS nonwoven fiber webs have 

been explored for biomedical applications,198 filtration,213,320 wound dressings,321,322 electrical 

stimulation,323 high-temperature fuel cells,324,325 adsorbents,183,209,326 periodontitis,182 protective 

clothing,327,328 and control release pesticides.329 In this work, we explore for the first time SBS 



 

74 
 

fabrication as a way to achieve single-step enzyme co-immobilization with high enzyme loading 

from a polymer-solvent-enzyme compatible triad. Our hypothesis was that enzymes would well 

tolerate being incorporated in the mild SBS processing conditions, however, there were no 

previous reports of this approach in the literature. Our investigation was conducted using 

polyethylene oxide, water, and protease. 

 

Polyethylene oxide (PEO) is an aqueous soluble polymer that forms fibers by solution spinning.184 

PEO is a nontoxic and biologically compatible polymer.330 The PEO polymer is known to preserve 

protein native structure167 making it a good candidate for the proof-of-concept work. Water-

soluble proteases are known to be compatible with PEO/water solutions and form polymer-

solvent-enzyme compatible trios.331 Moreover, polyethylene glycol (PEG; same chemical 

composition but a lower degree of polymerization compared to PEO) has been used as a 

lyoprotectant to preserve or prevent enzyme deformation under harsh conditions.64 Therefore, 

PEO was predicted to be an excellent matrix for exploring the fabrication and features of novel 

SBS fibrous webs produced in a single step with entrapped enzymes. Subtilisin A protease was 

selected as an example enzyme for the study to demonstrate the relevance of the SBS 

immobilization technique for a commercially important enzyme class.   

 

The process described in this work is a single-step approach to fabricating unique enzyme-

functionalized PEO nonwoven webs using a solution blow spinning process. Herein, we report 

entrapment immobilization of subtilisin A protease in PEO solution blown nano- and micro-

fibrous nonwoven webs for the first time. Required operating conditions for SBN-PEO and EFSBN-
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PEO fiber formation were determined, and detailed physiochemical characterizations of the 

products were performed, including enzyme activity, thermal stability, storage stability, and 

analysis of the position and distribution of enzymes in the SBS fibers.  

 

2.2. Experimental Section 

2.2.1. Materials 

Protease (subtilisin A) from Bacillus licheniformis was purchased from Sigma-Aldrich as a liquid 

enzyme product (P4860, containing protease and ~50-70% glycerol according to the Safety Data 

Sheet) and used as supplied. Polyethylene oxide (Mv=300000 Da), N,N-dimethylated casein from 

bovine milk, tris-HCl, trichloroacetic acid, and L-tyrosine were purchased from Sigma-Millipore 

(Hampton, NH, USA). Pierce Rapid Gold BCA Protein Assay Kit (Catalog Numbers A53225, A53226, 

and A53227) (ThermoFisher Scientific, Waltham, MA, USA) was used to determine the protein 

concentration in the produced EFSBN using the bovine serum albumin (BSA) standard provided 

in the kit.  

 

2.2.2. SBN-PEO and EFSBN-PEO webs production  

Solution-blown nonwoven webs were produced using the modified apparatus of Kolvasob et al. 

317 The production process had two main steps: 1) spinning solution preparation and 2) solution 

blow spinning. The polyethylene oxide (PEO) (Mv = 300000 Da) spinning solutions were prepared 

by dissolving PEO powder (1.2 g) in deionized water (10 ml) with continuous overnight stirring 

(100 rpm). The liquid protease from (subtilisin A) Bacillus licheniformis (60 µl-1200 µl) was added 

to the PEO solution and homogenized through stirring. These solutions comprising PEO, water, 
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and protease were then subjected to solution blowing. A solution-blown apparatus consisting of 

a single annular die with an annular gas cavity surrounding a spinning nozzle, as illustrated in 

Figure 2.1, was used. The PEO solution (5 ml, 12 w/v%) was supplied to the inner needle and feed 

rate was controlled with a fixed pump from 0.05-0.2 ml/min. A pressure regulator controlled the 

pressurized air, which varied according to the experiment. The produced SBN and EFSBN fibers 

were collected on flat polypropylene spun-bond material. The prepared solution blown webs 

were stored at room temperature (~22 ᴈ) or 4 ᴈ until further analysis. The collector was 

positioned at a fixed working distance from the nozzle of 100 mm. To achieve optimal solution 

blowing conditions for producing PEO SBN without enzyme, the nozzle was operated with varying 

solution throughput (0.05, 0.10 & 0.20 ml/min), air pressure (138 & 207 kPa) (20&30 psi) and air 

temperature (~22, 50 & 60 ᴈ). Visual observation of fiber formation behavior was used to 

determine the optimum solution blowing parameters. After optimizing process parameters for 

PEO SBN webs, the EFSBN webs containing protease were produced using those same optimum 

solution blowing conditions.  The schematic flow diagram of enzyme functionalized PEO solution-

blown nonwoven webs is presented in Figure 2.2.  

 

Figure 2.2: Schematic presentation of protease functionalized polyethylene oxide solution blown 
nonwoven webs. 
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2.2.3. Protease assay of immobilized enzymes  

The protease activity of immobilized protease was measured using a casein-based assay method, 

with N, N-dimethylated casein from bovine milk (C9801 Sigma) as the substrate, as is described 

in the determination of general proteolytic activity reported by Kapperler et al.332 This procedure 

was modified to include an initial step where the solid EFSBN webs were first pre-dissolved in 

assay buffer and then the dissolved webs were incubated with protease assay reagents. The 

amounts of reagents used in the activity assay are listed in Table 2.1. In the EFSBN web 

dissolution step, a suitable amount (approximately 10-15 mg, exactly weighed) of EFSBN web 

was placed into a 2.0 ml vial and dissolved in 1.50 ml Tris HCl buffer (100 mM, pH 8.0) to produce 

a stock solution by vortex mixing at 2000 rpm for 10 mins. In the incubation step, 0.35 ml of stock 

solution and 0.15 ml Tris HCl buffer (100 mM, pH 8.0) were mixed and preincubated for 5 mins. 

Then, 0.5 ml preincubated N, N-dimethylated casein (1.30 w/v%) substrate was added to the 

solution and mixed thoroughly by vortexing for 10 seconds. The final solution (total volume 1 ml) 

was incubated for 10 minutes at 40 ᴈ. After incubation, the reaction was stopped by adding 0.30 

ml (39 w/v%) trichloroacetic acid (TCA). The final solution (total volume 1.3 ml) was cooled to 

room temperature (kept for 30 minutes at room temperature), and the precipitated proteins 

(non-digested) were removed by centrifugation at 10000 rpm for 10 minutes. The absorbance of 

the resulting supernatant was measured at 274 nm against a blank control. The absorbance 

determines the concentration of L-tyrosine, an amino acid released during casein degradation, 

with an absorbance maximum of 274 nm.333 The blank control was made by maintaining the same 

procedure except adding an equivalent amount of SBN (neat PEO web) instead of EFSBN. All 

solutions were handled the same throughout the assay process. An L-tyrosine standard curve 
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was created by plotting absorbance versus known concentrations of L-tyrosine. The micromoles 

of tyrosine equivalents liberated by a test sample were determined from the absorbance reading 

for that sample by using the standard curve (Figure 2.3). One international unit (IU) of protease 

activity produces the amino acid equivalent of 1.0 µmole of tyrosine per minute at 40 ᴈ in the 

presence of 100 mM pH 8.0 Tris-HCl buffer. Calculations are shown in the following calculation 

section. 

Table 2.1: Protease assay of free protease, functionalized PEO webs (3.0 % subtilisin A-EFSBN-
PEO webs). 

Reagents Blank, SB Sample, SS-1 Sample, SS-2 Sample, SS-3 

Step 1: Enzyme solution preparation 

Native PEO web, mg 10-20 - - - 

Functionalized PEO web, mg - 10-20 10-20 10-20 

Tris buffer (100 mM, pH 8.0), ml 1.5 1.5 1.5 1.5 

Prepared homogenous solution by vortex mixing for 10 mins with steel balls   

Step 2: Incubation 

Step 1 solution, ml 0.25 0.25 0.25 0.25 

Tris buffer (100 mM, pH 8.0), ml 0.25 0.25 0.25 0.25 

1.3 wt% Casein, N,N-
dimethylated form, ml 

0.50 0.50 0.50 0.50 

Incubated at 40 ᴈ for 10 mins 

39% TCA, ml 0.30 0.30 0.30 0.30 

Total volume, ml 1.30 1.30 1.30 1.30 

 

Table 2.2: L-tyrosine standard curve preparation. 

Reagents Blank, TB TS-1 TS-2 TS-3 TS-4 TS-5 

L-Tyrosine solution 
(200 µg/ml), ml 

0 0.2 0.4 0.6 0.8 1.0 

Buffer, ml 1.0 0.8 0.6 0.4 0.2 0 

Total volume, ml 1.0 1.0 1.0 1.0 1.0 1.0 
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Calculations: 

After incubating 10 mins, the reaction was stopped by 39% (w/v) tri acetic acid and kept for 10 

mins to reach room temperature. Then, the solution was centrifuged for 5 mins at 10000 rpm 

and took 0.2 ml supernatant. The absorbance of the supernatant was measured at 274 nm. 

L-tyrosine standard curve: 

ɲ!Standard = AStandard - ABlank  

¢ƘŜƴΣ Ǉƭƻǘ ɲ!Standard vs. µmoles of tyrosine to get the standard curve (Figure 2.3). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: L-tyrosine standard curve at 274 nm absorbance maxima. 

 

The micromole of tyrosine released from the casein substrate was calculated from the L-tyrosine 

standard curve equation and supernatant absorbance. The protease assay of the liquid-free 

enzyme upon dilution was calculated based on the following equations: 

U/ml = 
А    ᶻ    ȟ

ȟÍÉÎz    ȟ
ÄzÉÌÕÔÉÏÎȣȣȣȣȢȣȣȣȣȣ ςȢρ 



 

80 
 

U/mgprotein = 
Ⱦ

   
ȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣ ςȢς 

The protease assay of immobilized protease per mg of the EFSBN-PEO webs protein, 

U/mg EFSBNs protein = 
А    ᶻ    ȟ

ȟ ᶻ       
ȣȣȣȣȣȣȣȣȣȢςȢσ 

 
The relative activity of immobilized protease was calculated as the percentage of the free 

protease activity and calculated as follows: 

2ÅÌÁÔÉÖÅ ÁÃÔÉÖÉÔÙ Ϸ  
   

   
ρzππΧΧΧΧΧΧΧΧΧΧΧΧΧΦΧΧΧΧΦΧ(2.4) 

  

 

2.2.4. Protein content and immobilization yield of EFSBN-PEO 

The protein (enzyme) content in EFSBNs was determined by the Lowry assay method,334 using 

bovine serum albumin (BSA) as the standard. The method was performed using a Thermo 

scientific Pierceϰ Rapid Gold Bicinchoninic Acid (BCA) Protein Assay Kit which develops an 

orange-gold color in the presence of two molecules of BCA and one cuprous ion. Solid EFSBN-

PEO webs were first redissolved in tris buffer (pH 8.0, 0.5 M). These sample solutions were 

referred to as άunknown protein stock solutionέ in the test protocol. A series of dilutions of 

known concentration (50-1500 µg/ml) were prepared from BSA protein and assayed alongside 

the unknown protein stock solution. Absorbance was measured at 480 nm, and protein content 

for the unknown was determined based on the BSA standard curve. The percent protein content 

in an EFSBN sample was calculated according to the following formula: 

0ÒÏÔÅÉÎ ÃÏÎÔÅÎÔ Ϸ  
 ȟ ᶻ  ȟ ᶻ

   ȟ
ΧΧΧΧΧΧΧΧΧΧΦΧΦΧΧΦΦό2.5) 
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The immobilization yield of EFSBN-PEO webs was calculated from the ratio of the measured 

amount of protein content (amount of protein detected in the final webs) in the EFSBN-PEO to 

the theoretical protein loading (amount of protein added to the spinning solution) in the web.  

 

The immobilization yield percentage is calculated using the following formula:   

)ÍÍÏÂÉÌÉÚÁÔÉÏÎ ÙÉÅÌÄ Ϸ  
-ÅÁÓÕÒÅÄ ÐÒÏÔÅÉÎ ÃÏÎÔÅÎÔ ÉÎ %&3".

4ÈÅÏÒÅÔÉÃÁÌ ÐÒÏÔÅÉÎ ÉÎ ÔÈÅ ÓÐÉÎÎÉÎÇ ÓÏÌÕÔÉÏÎ
ρzππȢȣȣȣ ςȢφ 

 

2.2.5. FTIR spectroscopy analysis of EFSBN-PEO 

The presence of enzymes in the EFSBN-PEO was characterized by FTIR Spectroscopy (iS50, 

ThermoFisher Scientific, USA), with a build-in diamond crystal Attenuated Total Reflection 

sampling head. Spectra were collected for dried SBN-PEO fiber and EFSBN-PEO webs at room 

temperature from 500 to 4000 cm-1 with 64 scans and 4 cm-1 resolution. All specimens were 

stored in a desiccator for seven days before measurement to minimize moisture in the samples. 

 

2.2.6. Morphological analysis using SEM  

Morphologies of SBN-PEO and EFSBN-PEO samples were investigated using field-emission 

scanning electron microscopy (FESEM) (FEI Verios 460L, USA) with an accelerating voltage of 500 

V and current of 2 pA. Images were analyzed using ImageJ software (NIH, USA), measuring the 

diameter of fibers in at least 100 places on each SEM micrograph. 
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2.2.7. Surface composition analysis using XPS  

The surface composition of EFSBN-PEO and SBN-PEO webs was characterized by X-ray 

photoelectron spectroscopy (XPS) using an XPS/UVS-SPECS system with PHOIBOS 150 analyzer 

under a pressure of about 3 x 10-10 ƳōŀǊΦ ¢ƘŜ ƛƴǎǘǊǳƳŜƴǘ ǿŀǎ ŜǉǳƛǇǇŜŘ ǿƛǘƘ ŀ aƎYʰ ·-Ǌŀȅ όƘ˄ Ґ 

мнроΦс Ŝ±ύ ŀƴŘ !ƭYʰ ·-Ǌŀȅ όƘ˄ Ґ мпусΦт Ŝ±ύ ǎƻǳǊŎŜǎΦ ¢ƘŜ Řŀǘŀ ǿŜǊŜ ŀŎǉǳƛǊŜŘ ǳǎƛƴƎ ǘƘŜ aƎYʰ ·-

ray source operating at 10 kV and 30 mA (300 W) and analyzed with the CasaXPS software. XPS 

spectra of survey scan were recorded with a pass energy of 24 eV in a 0.5 eV step, and high-

resolution scans were recorded with a pass energy of 20 eV in a 0.1 eV step. The C1s peak was 

used as an internal reference with a binding energy of 285 eV. 

 

2.2.8. Surface analysis using ToF-SIMS  

TOF-SIMS analyses were performed using a TOF SIMS V (ION TOF, Inc. Chestnut Ridge, NY) 

instrument equipped with a Bin
m+ (n = 1-5, m = 1, 2) liquid metal ion gun, Cs+ sputtering gun, and 

electron flood gun for charge compensation. Both the Bi and Cs ion columns were oriented at 45° 

with respect to the sample surface normal. The analysis chamber pressure was maintained below 

5.0 x 10-9 mbar to avoid contamination of the surfaces to be analyzed. Positive and negative ions 

were collected across a 200 µm by 200 µm area for each sample. This study used a pulsed Bi3+ 

primary ion beam at 25 keV impact energy with less than 1 ns pulse width for high mass resolution 

spectra. An electron gun was used to prevent charge buildup on the insulting sample surfaces. 

The total ion dose for data acquisition was maintained well below the static limit of 1 x 1013 

primary ions/cm2. The mass resoluǘƛƻƴ ƻƴ ǘƘŜ {ƛ ǿŀŦŜǊ ǿŀǎ ŀōƻǳǘ ϤулллƳκҟƳ ŀǘ нф!a¦Φ CƻǊ ǘƘŜ 

high lateral resolution mass spectral images acquired in this study, a Burst Alignment setting of 
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25 keV Bi3+ ion beam was used to raster in a pixel region of 256 by 256 pixels. The negative 

secondary ion mass spectra obtained were calibrated using C-, O- , OH- , CN-, respectively. The 

positive secondary ion mass spectra were calibrated using C+, C2H3
+, C3H5

+, C4H7
+. 

 

2.2.9. Enzyme distribution in EFSBN by confocal microscopy 

Protease was ŎƻƴƧǳƎŀǘŜŘ ǘƻ ŦƭǳƻǊŜǎŎŜƛƴ ƛǎƻǘƘƛƻŎȅŀƴŀǘŜ όCL¢/ύ ŦƻƭƭƻǿƛƴƎ ǘƘŜ άƭŀǊƎŜ ǎŎŀƭŜ 

ŎƻƴƧǳƎŀǘƛƻƴέ ǇǊƻŎŜŘǳǊŜ ŘŜǎŎǊƛōŜŘ ƛƴ ǘƘŜ {ƛƎƳŀ CƭǳƻǊƻ-tag-FITC conjugation kit. The FITC-tag-

protease has two absorbances, at 280 nm and 495 nm. The eluent fractions containing these two 

absorbances (Sephadex G-25M column and phosphate buffered saline solution was used as the 

elution solvent) were collected. The average molar ratio of FITC to protease in the FITC-tag-

protease, determined by the absorbance of FITC-tag-protease at 280 and 495 nm, was 0.46:1.0. 

The FITC-tag-protease was mixed with a polymer solution and subjected to the same solution 

blowing conditions as EFSBN-PEO webs. The EFSBN-PEO webs with embedded FITC-protease 

were placed on a glass slide and mounted under a No. 1.5 cover glass held up by modeling clay 

spacers to prevent sample compression. The 1.17 % (w/w) FITC tag protease-EFSBN-PEO webs 

were imaged by a Zeiss LSM 880 laser scanning confocal microscope using a 488 nm excitation 

laser to detect the FITC signal. The z-series images were collected using a 20x dry objective with 

b!ҐлΦу ŀƴŘ н ˃Ƴ ƛƴǘŜǊǾŀƭǎΦ ¢ƘŜ Ȋ-series were further processed using Imaris 9.9 software 

(Bitplane, Zurich, Switzerland) to remove the background signal. Results show the location of 

protease in EFSBN-PEO webs. 
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2.2.10. Storage stability of free and immobilized protease 

The storage stability of immobilized protease and commercial liquid protease (Sigma) was 

evaluated by the modified method of Awad et al.335. The EFSBN-PEO webs were kept in a zip bag 

and stored at room temperature (~22 °C) or 4 ᴈ. The protease assay was used to measure the 

residual activity of stored immobilized protease over time, up to 300 days. The as-supplied free 

liquid protease and free protease diluted (1µl/ml) in tris buffer (0.1 M, pH 8.0) were also stored 

at room temperature (~22 °C) and residual activity was measured using the protease assay over 

time. Residual activity was the ratio of measured activity at a time point to the initial activity at 

time zero, expressed as a percentage (Eqn. 2.7).   

2ÅÓÉÄÕÁÌ ÁÃÔÉÖÉÔÙ Ϸ  
-ÅÁÓÕÒÅÄ ÁÃÔÉÖÉÔÙ ÏÆ ÓÔÏÒÅÄ ÓÁÍÐÌÅ

)ÎÉÔÉÁÌ ÓÁÍÐÌÅ ÁÃÔÉÖÉÔÙ 
ρzππϷȣȣȣȣȣȢȣȣȢȢςȢχ 

 

2.2.11. Thermal stability of free and immobilized protease  

Thermal stability tests were performed by incubating solid EFSBN-PEO webs, liquid commercial 

protease, and tris buffer (0.1 M, pH 8.0) diluted commercial protease (1µl/ml) at 65 ᴈ for 

different times (0-240 mins) in a convection oven. After thermal treatment, the solid EFSBN-PEO 

webs were redissolved in buffer, and subjected to the protease assay, along with the liquid 

commercial protease and diluted commercial protease. The thermal stability of the liquid and 

immobilized solid forms of the enzyme was expressed as the residual activity after thermal 

treatment (Eqn. 2.8).  

2ÅÓÉÄÕÁÌ ÁÃÔÉÖÉÔÙȟϷ  
3ÁÍÐÌÅ ÁÃÔÉÖÉÔÙ ÁÆÔÅÒ ÔÈÅÒÍÁÌ ÔÒÅÁÔÍÅÎÔ

)ÎÉÔÉÁÌ ÓÁÍÐÌÅ ÁÃÔÉÖÉÔÙ 
ρzππϷȣȣȣȣȢȢȣ ςȢψ  
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2.3. Results and Discussion 

2.3.1. Solution blowing process parameter selection for SBN-PEO and EFSBN-PEO preparation 

The first step in selecting solution blowing process parameters for producing EFSBN-PEO webs 

was to investigate the effects of key spinning parameters on PEO-only web formation. The 

polymer solution concentration (12 w/v%) and die-to-collector distance (DCD) (100 mm) were 

kept constant while the solution blowing process was operated with varying solution throughput 

(0.05, 0.10 & 0.20 ml/min), air pressure (69, 138 & 207 kPa)/(10,20&30 psi) and air temperatures 

(~22, 50 & 60 ᴈ). Table 2.3 presents solution-blowing process parameters and fiber production 

observations for protease functionalized PEO solution-blown webs and PEO-only solution-blown 

webs. Solution throughput and air pressure (driving force) were the most crucial parameters for 

fiber formation. Solution throughput of 0.2 ml/ml or higher did not form fine fibers. The lower 

air pressure setting (138 kPa) also did not form fibers because it created an insufficient driving 

force to attenuate the polymer solution and evaporate the solvent. A viscous mass with very few 

fibers were observed at higher solution throughput and lower air pressure (Figure 2.4 A). Based 

on this parametric testing, the optimum conditions for PEO-only solution blown webs were 

determined to be 0.05 ml/min solution throughput, 207 kPa air pressure, and 50 ᴈ air 

temperature. These conditions were then used to produce EFSBN webs across a wide range (0.6-

7.4 % (w/w)) of protease-loading. Figure 2.4 B is present the EFSBN on collector that prepared 

using optimum conditions. 
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Table 2.3: Solution blown spinning process optimum condition for SBN-PEO and protease-
EFSBN-PEO webs. 

Trial Solution 
throughput, ml/min 

Air pressure, 
kPa 

Air 
temperature, 
ᴈ 

Visual observation 

1 0.2 69, 138, 207 ~22, 50, 60 No fiber formation at 0.2 
ml/min solution throughput 

2 0.1 69, 138 ~22, 50, 60 No fiber formation at 0.2 
ml/min solution throughput 

3 0.1 207 ~22 No fiber formation 

4. 0.1 207 50, 60 Less fiber formation with 
central viscous mass 

5. 0.05 69 ~22 No fiber formation 

6. 0.05 138, 207 ~22 Less fiber formation with 
central viscous mass 

7. 0.05 69 50, 60 Fiber formation with central 
viscous mass 

8. 0.05 138, 207 50, 60 Good fiber formed  

 

 

Figure 2.4: Enzyme functionalized solution blown nonwovens (EFSBN) on the collector at 12 w/v% 
polymer concentration, 50 ᴈ air temperature, and 0.05 ml/min throughput (A) 69 kPa air 
pressure and (B) 207 kPa air pressure (picture captured while trial running). 

 



 

87 
 

2.3.2. FTIR analysis of SBN-PEO and EFSBN-PEO 

The characteristic infrared absorption peaks of SBN-PEO and EFSBN-PEO webs are presented in 

Figure 2.5. PEO alone exhibits strong peaks at 2700-3000 cm-1 for symmetric and asymmetric 

stretching of -CH2 groups; two strong splitting peaks at 1466 cm-1 and 1413 cm-1 for CH2 scissoring 

(bending mode); two strong splitting peaks at 1359 cm-1 and 1341 cm-1 for CH2 wagging; two 

splitting peaks at 1279 cm-1 and 1241 cm-1 for CH2 twisting; three peaks around  1100 cm-1 for the 

results of the combination of ether group and methylene group stretching; and peaks at 961 cm-

1, 946 cm-1 and 841 cm-1 related to chain conformation of the PEO molecules.336ς338 Additionally, 

the double peaks at 1359 cm-1 and 1341 cm-1 are an indication of crystallinity (100% amorphous 

PEO shows only one peak at 1350 cm-1).336 The complex peaks for -C-O-C- stretching appearing 

at three wavenumbers 1145 cm-1 (medium intensity), 1096 cm-1 (strong intensity), and 1059 cm-

1 (medium intensity) were present in all samples, indicating, as expected, no degradation of PEO 

chains during solution spinning.  

 

The characteristic peaks of amide I and amide II bonds of protein are observed at 1650 cm-1 and 

1550 cm-1, respectively.339 The N-H stretching peak of amide A overlaps with OH stretching at 

3100-3500 cm-1 where the OH stretching peak could come from bound water in an enzyme.231,340 

The considerable amount of glycerol in liquid enzyme could also contribute to the OH stretching 

peak. Dry enzyme-free webs do not show peaks in this region. These peaks are absent in PEO-

only webs and appear with increasing intensity as protease content in protease functionalized 

PEO solution blown webs increases. Likewise, the amides I and II show very small peaks at low 
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protease content (1.3% (w/w) and increase in intensity as the enzyme content increases to 7.4% 

(w/w) protease in EFSBN-PEO webs.     

Figure 2.5: FTIR spectrum of pure PEO webs and protease functionalized PEO solution blown 
webs with varying protease content. 

 

2.3.3. Enzyme loading and immobilization yield of EFSBN-PEO 

The amount of enzyme loading accommodated by a carrier material is an important parameter 

ŦƻǊ ŘƛǎǘƛƴƎǳƛǎƘƛƴƎ ǘƘŜ ƳŀǘŜǊƛŀƭ ŀǎ ŀ άƎƻƻŘέ ŎŀǊǊƛŜǊΦ ! ǿƛŘŜ ǊŀƴƎŜ ƻŦ ǇǊƻǘŜŀǎŜ όлΦсн ǘƻ тΦпо ҈ 

(w/w)) loaded EFSBN-PEO webs were prepared, which indicates PEO is a good carrier for enzyme 

immobilization by physical entrapment. Measurements of immobilization yield reveal how much 
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enzyme added to the polymer solution is retained after solution blowing. Immobilization yields 

at different levels of enzyme loading in the polymer spinning solutions and corresponding 

retained protein content in the solid webs are presented in Figure 2.6. Protein content means 

the amount of protein detected in the final webs and protein loading means the amount of 

protein initially added to the spinning solution before solution blowing. At low enzyme loading, 

immobilization yields were greater than 90% indicating that more than 90% of supplied enzymes 

were entrapped in the PEO nanofibers. Rodriguez-deLuna et al. encapsulated horseradish 

peroxidase in PVA electrospun nanofibers and observed a similar pattern that greater than 90% 

protein retention was achieved at lower enzyme loading, but the relative enzyme loading 

decreased (to less than 10%) with increasing enzyme concentration in the spinning solution.173 

The cause for this repeatedly observed decrease in immobilization yield as enzyme loading 

increases has not yet been determined. The Rapid BCA technique detects across a broad protein 

concentration range (20-нллл ˃Ǝ .{!κƳƭύΣ ǿƘƛŎƘ ŜƴŎƻƳǇŀǎǎŜŘ ŀƭƭ ǘƘŜ ǎŀƳǇƭŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ 

evaluated, therefore errors in protein measurement are not suspected. The decrease is puzzling 

because the full inventory of homogeneous polymer-enzyme solution is pumped through the 

solution blowing nozzle. One explanation for the less than 100% immobilization yields may be 

that a certain portion of enzyme is aerosolized and blown away with the high-pressure air. High 

enzyme loading might lead to less interaction between polymer and enzymes or a decrease in 

the space available for entrapment, leading to increased enzyme loss to the pressurized air flow.       
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2.3.4. Protease-EFSBN-PEO catalytic activity 

Immobilization methods and carrier materials affect the enzyme catalytic activity. The catalytic 

activity also changes with enzyme loading, immobilization processing conditions, and the final 

form of the supporting material. Nanofibrous EFSBN-PEO webs redissolved rapidly in the buffer 

because the high nanofiber surface area provided high contact between water and water-soluble 

PEO polymer that enhanced dissolution and released enzyme into the buffer as a free enzyme. 

Since PEO polymer is soluble in an aqueous assay buffer, the released enzyme behaved like a free 

Figure 2.6: Immobilization yield of EFSBN and retaining protein in the solid EFSBN webs with 
different enzyme loading. 
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enzyme in responding to protease activity analysis. The activity of the redissolved webs was 

calculated based on the protein content detected in the solid webs. Then, the relative activity of 

enzyme-functionalized webs was measured as the activity of redissolved functionalized webs 

compared to the activity of an equivalent amount of free enzyme content, expressed as a 

percentage. The enzyme activities of protease EFSBN-PEO webs relative to their measured 

protein content are presented in Figure 2.7. The EFSBN showed substantial catalytic activity, 

indicating that most enzyme delivered through the solution blowing nozzle was still present in 

the final solid web products. The retained activity for EFSBN was comparatively higher than 

reported for electrospun immobilized protease activities. One study with immobilized bromelain 

protease in cellulose triacetate electrospun nanofibers reported retaining 47% activity.228 

Another study reported 65% retained activity for protease immobilized by adsorption on 

polycaprolactone (PCL) electrospun nanofibers.142 Adsorption immobilization is considered to be 

mild method that has limited impact on enzyme structure, therefore the high level of enzyme 

activity detected in EFSBN (> 80%) implies that SBS is a benign process and that PEO is good 

carrier for protease immobilization. The high catalytic activity also indicated that immobilized 

protease retained or was able to recover its native functional structure after redissolving in a 

buffer. In contrast to the immobilization yield results (Figure 2.6), the relative activity results 

(Figure 2.7) reveals enzyme preserved their functional structure for a wide range of enzyme 

content in the solid EFSBN-PEO webs. The finding of the immobilization yield, protein content, 

and relative activity is revealed that  PEO webs are an excellent carrier for protease entrapment 

with a wide range of enzyme carriers and quick delivery enzyme to the reaction zone. 
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Figure 2.7: Relative protease activity of EFSBN-PEO webs with varying protein content in the 
solid webs. 

 

2.3.5. Appearance and diameter of SBN-PEO and EFSBN-PEO by scanning electron microscopy 

The morphology of SBN-PEO webs and EFSBN-PEO webs prepared with various protease loading 

were characterized by scanning electron microscopy EFSBN (Figure 2.8). The morphology is 

characteristic of a nonwoven structure with a distribution of micro- and nanofibers forming the 

web. The surface diameter and fiber surface appearance changed as enzyme loading increased. 

SBN-PEO webs had an average fiber diameter of 406±295 nm which is lower than a reported SBS-

PEO average fiber diameter of 700±226 nm.184 In addition to achieving a lower fiber diameter, 

the solution flow rate of the current work is at least three times higher than the prior reported 
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work. However, loading enzyme in the webs increased the average fiber diameter. For example, 

EFSBN-PEO webs loaded with 1.3 % (w/w) protease had a higher average diameter of 566±345 

nm compared to fibers in the no-enzyme SBN-PEO webs. Higher enzyme-loaded webs had 

comparatively higher diameter and larger standard deviation, revealing that enzyme-free PEO 

web fibers were more uniform than enzyme-loaded PEO webs. The increases in fiber diameter 

and standard deviation probably resulted from concentrated poly(electrolyte) solution 

effects341,342 and increasing viscosity (liquid protease had 50-70% glycerol that increased 

viscosity) 343,344 of more concentrated polymer solutions that would increase the solution 

resistance to being stretched. Similar, fiber roughness and diameter variability findings were 

reported by Moreno-Cortez et al. who studied papain encapsulation in polyvinyl alcohol (PVA) 

electrospun nanofibrous membranes.170 The presence of enzymes in EFSBNs also causes surface 

irregularities and roughness. The highest protease loaded (7.4 % w/w) EFSBN web fibers 

exhibited the highest standard deviation in fiber diameter due to beadlike structures of thick and 

thin zones (marked by arrows). Since beading is not observed in PEO-only fibers, the thick bead 

zones in EFSBN webs are probably caused by enzyme proteins clustering in those regions and 

resisting uniform distribution during the blowing process.  
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Figure 2.8: SEM micrograph of SBN-PEO webs and protease EFSBN-PEO webs with varying 
enzyme loading. 

 

2.3.6. Surface composition analysis of EFSBN-PEO by XPS 

The surface composition of EFSBN-PEO and SBN-PEO webs was characterized by X-ray 

photoelectron spectroscopy (XPS), as shown in Figure 2.9. The two main peaks of C1s and O1s are 

found in all spectra, while the peak of N1s was only found in the spectra of EFSBN-PEO webs. Since 

SBN-PEO contains only C1s, O1s, and H elements and the N1s signal comes from the presence of 

protein,345 XPS further confirms that protease was successfully immobilized into PEO webs. The 

presence of the N1s signal in XPS spectra again validates the FTIR results of the presence of 

protease in the EFSBN-PEO webs.   
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Figure 2.9: XPS spectra of (A) SBN-PEO, (B) 1.3 % SA-EFSBN-PEO, (C) 7.4 % SA-EFSBN-PEO, and (D) 
N1s peaks of the three samples. 

 

2.3.7. Enzyme position and distribution analysis in EFSBN-PEO by ToF-SIMS 

The distribution and position of enzymes in an immobilized carrier is an important parameter for 

biocatalyst reaction design. The successful immobilization of protease into PEO webs was 

confirmed using Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS). The ToF-SIMS 

spectra and distribution maps revealed the distribution and position of the immobilized protease. 

The high-resolution ToF-SIMS spectra of positive ions and negative ions are shown in Figure 2.10 

and Figure 2.11, respectively. The clearly visible characteristic signals from ethylene oxide, 

namely CH3O+, C2H5O+, and C2H3O-, confirm the detection of PEO polymer. Signals arising from 
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amide bond cleavage, including CH4N+, CN- and CNO-, confirm the presence of protein (enzyme) 

in the PEO webs. However, the intensity (height) of the nitrogen compound peaks depends highly 

on enzyme loading. The 7.4 % (w/w) protein-loaded EFSBN-PEO webs showed these peaks 

clearly. In contrast, low protein-loaded webs did not show significant nitrogen peak intensity. The 

1.3 % protease EFSBN-PEO web ToF-SIMS spectra are similar to SBN-PEO web spectra which 

indicated the EFSBN-PEO nanofibers did not have enough protein molecules on the surface for 

detection. ToF-SIMS is limited to detecting ion fragments within 1-2 nm depth of the surface of 

a specimen. So, for low enzyme-loaded EFSBN-PEO webs, the ToF-SIMS results indicate that most 

enzymes are located inside the nanofibers. At high enzyme loading, more enzymes forces toward 

surface and the ToF-SIMS spectra for 7.4 % (w/w) protein-loaded EFSBN-PEO webs revealed that 

protein is present on the fiber surfaces.  
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Figure 2.10: High-resolution ToF-SIMS spectra (positive ions) of SBN-PEO and protease EFSBN-
PEO webs. 
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Figure 2.11: High-resolution ToF-SIMS spectra (negative ions) of SBN-PEO and protease EFSBN-
PEO webs. 

 

ToF-SIMS distribution maps characterized the distribution of protease in the EFSBN-PEO webs. 

The ToF-SIMS distribution maps of positive and negative ions of SBN-PEO, 1.3 % (w/w) protease 

EFSBN-PEO and 7.4 % (w/w) protease EFSBN-PEO are shown in Appendices (Figure A 2.1 ς A 2. 

4). These distribution maps again indicated that most proteases were located inside the fibers. 

The overlaid image of the distribution map of 7.4 % (w/w) protease EFSBN-PEO is presented in 
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Figure 2.12. The homogeneous green color distribution (CH4N+ and C4H10N+) indicates subtilisin 

A protease was homogeneously distributed in the nanofibrous webs. 

   

 

Figure 2.12: ToF-SIMS positive ion distribution maps and overlaid image for a 7.4 % (w/w) 
protease EFSBN-PEO web. 

 

2.3.8. Enzyme distribution in EFSBN-PEO by confocal microscopy 

Uniform distribution of enzyme entrapment in nanofibrous webs is a very important parameter 

for achieving maximum carrier materials utilization and consistent delivery of enzymes into the 

intended application. To observe the distribution of entrapped protease in EFSBN-PEO, subtilisin 

A protease was labeled with fluorescein isothiocyanate (FITC), and the resulting FITC-tagged 
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protease was entrapped by solution blowing in EFSBN-PEO webs which were then analyzed by 

laser scanning confocal microscopy (Figure 2.13). These images illustrate that protease 

distribution in EFSBN was homogeneous at a macroscopic scale throughout the webs. This was 

achieved because the aqueous protease solution formed a homogeneous solution with the 

aqueous PEO polymer solution leading to a homogeneous polymer-solvent-enzyme solution. 

After solution blowing, the enzyme homogeneity remained in the dried PEO webs, indicating that 

solution blowing of enzyme-loaded PEO solutions is an excellent immobilization fabrication 

process.   

 

Figure 2.13: Laser scanning confocal microscopy images: raw images of the distribution of FITC-
tagged protease encapsulated EFSBN-PEO webs at two different points ((A1: a bundle of fluffy 
fibers) and (B1: a bundle of stick fibers)) and processed images of distribution of FITC-tagged 
protease encapsulated EFSBN-PEO webs ((A1: a bundle of fluffy fiber) and (B1: a bundle of stick 
fibers)). 
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2.3.9. Storage stability of EFSBN-PEO and native protease in buffer 

Dissolved enzymes are quite sensitive to environmental conditions and may lose their activities 

easily compared to immobilized enzymes. Therefore, it is important to characterize enzyme 

storage stability for practical applications. Enzyme storage stability has been correlated to 

structural stability over time. Frequently, by physically stabilizing the enzyme structure, the 

storage stability of enzymes increases on immobilization with polymeric carriers.82 Storage 

stability tests were carried out by placing samples of each enzyme-loaded web at room 

temperature (~22 ᴈ) and at 4 ᴈ and measuring the remaining activity over time. Activity found 

at each time point was calculated with the initial activity considered as 100%. Results are 

presented in Figure 2.14 and Figure 2.15 for 1.3 % (w/w) and 3.0 (w/w) protease-loaded EFSBN-

PEO webs respectively. Results show that protease was stable for a long time in PEO webs, and 

an advantage of solution spinning with PEO is that PEO may act as a lyoprotectant64 to preserve 

enzyme structure during spinning as well as storing. Enzyme activity detected in EFSBN increased 

slightly (> 100% activity) after seven days of storage which may be related to conformational 

stress and relaxation experienced by the enzyme during and after the solution spinning process. 

Solution spinning is a very rapid fabrication process that could cause enzyme to become trapped 

in a non-optimal deformed conformation when the solvent evaporates. After relaxation during 

storage, enzyme could temporarily regain a more optimal conformation and thereafter its 

conformation would be influenced by the subsequent storage conditions. Further experiments 

would be needed to determine if this hypothesis is valid. When redissolved in buffer, the EFSBN 

webs showed at least 60% of their initial activity after 300 days, which is higher than the residual 

activities of immobilized protease in various polymeric supports reported in the literature as only 
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33-57% after a much shorter storage period of 30 days at 4 ᴈ.124,152,174 This result revealed that 

immobilized protease in EFSBN could be conveniently stored at ambient temperature or in 

refrigerators. The produced EFSBN is a unique storage technique in a quick-dissolving solid form 

rather than typical liquid enzymes or lyophilized forms.  
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Figure 2.14: Storage stability (retaining activity with time) of 1.3 % (w/w) protease functionalized 
polyethylene oxide solution blown webs. 
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Figure 2.15: Storage stability of 3.0% (w/w) protease-EFSBN-PEO webs at ambient temperature 
(~22 ᴈ) and 4 ᴈ. 

 

The storage stabilities of free subtilisin A protease and encapsulated subtilisin A are also 

compared and the relative remaining activity at different storage times is presented in Figure 

2.16. The free subtilisin A protease (as it was supplied), diluted free subtilisin A protease (1µl/ml) 

in Tris HCl buffer (pH = 8.0, 0.1 M), and protease EFSBN were stored at room temperature (~ 22 

ᴈ). The remaining relative activities of immobilized subtilisin A and free subtilisin A (as it was 

supplied) after 180 days were 74±0.90% and 85±0.54%, respectively. The commercial  free 

protease retained a high level of activity because the as-supplied liquid protease formulation 
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contained glycerol that acts as a stabilizer by reducing water activity and preventing protease 

self-hydrolysis.346 On the other hand, after the as-supplied protease was diluted in buffer, the 

stabilizer effectiveness was lost, triggering proteolysis, and the protease activity decreased 

rapidly.120,347 The relative remaining activity of diluted free protease was only around 10% of the 

initial activity after seven days. The storage stability outcome for protease in EFSBN webs showed 

that immobilizing enzymes within PEO nonwovens can preserve good storage stability at room 

temperature without adding additional stabilizers. Avoiding refrigeration is important for the 

formulation of products and energy efficiency in delivering enzymes to different applications, so 

these extended storage stability results again reveal enzyme entrapment using PEO solution 

blown nonwoven webs as unique and desirable enzyme storage and delivery option for ambient 

temperature scenarios.  
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Figure 2.16: Ambient storage stability of supplied free subtilisin A, diluted free subtilisin A 
(1µl/ml) in Tris HCl buffer (pH = 8.0, 0.1 M) and 1.3 % (w/w) subtilisin A protease-EFSBN-PEO solid 
webs. 

 

2.3.10. Thermal stability of EFSBN-PEO and native protease in buffer 

The thermal stability of entrapped protease is one the most important factors for its application 

and storage at a higher temperature for prolonged periods. Enzyme entrapment in a suitable 

carrier can minimize enzyme conformational changes when exposed to harsh environments such 

as high temperatures and prevent the enzyme structure from denaturing (unfolding). In this 

study, free liquid protease and immobilized protease in solid EFSBN webs were incubated at 65 
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ᴈ for up to 12 hr to determine the thermal stability of protease. The relative remaining activities 

of free liquid protease (as supplied), diluted free protease (1µl/ml) in Tris HCl buffer (pH = 8.0, 

0.1 M), and immobilized protease (1.3 % protease EFSBN and 3.0% protease EFSBN) are 

presented in Figure 2.17. Entrapped subtilisin A protease showed excellent thermal stability for 

up to 12 hrs. This higher thermal stability can be attributed to preventing thermal inactivation by 

preventing entrapped enzyme molecules from unfolding within the dry nanofibers. A similar 

observation has been reported for protease (from Aspergillus niger) entrapped in polyacrylamide 

beads.124 The as-supplied free protease also showed excellent thermal stability over time, similar 

to immobilized protease. Again, this is attributed to the presence of glycerol stabilizer in the 

product. In contrast, the diluted free protease showed a steep decline in residual activity and lost 

total activity within 4 hrs at the elevated temperature. Dilution enhances self-hydrolysis and 

protease autolysis.348 leads to a rapid enzyme activity decline. The extended thermal stability 

results at elevated temperatures again emphasize the benefit of using PEO solution blown 

nonwoven webs as a unique water-soluble solid carrier for protease entrapment without 

additional stabilizers.  
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Figure 2.17: Thermal stability of free subtilisin A protease and encapsulated subtilisin A protease 
in EFSBN-PEO webs at 65 ᴈ. 
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2.4. Conclusions 

Solution blown nonwovens (SBN) and enzyme functionalized solution blown nonwovens (EFBSN) 

were successfully prepared from solutions of PEO (aqueous) and liquid subtilisin A protease by a 

single step solution blowing technique. In this study, the operating conditions for solution blow 

spinning were optimized across several parameters during formation of PEO-only fibers, and 

these same optimized parameters were then used to produce enzyme-loaded PEO webs. The 

results demonstrated that solution blow spinning is a promising single-step fabrication technique 

for enzyme entrapment from polymer-solvent-enzyme compatible triads. SEM micrographs 

revealed a more irregular nano- and micro-fibrous nonwoven structure of EFSBN compared to 

SBN. Protease entrapment in the fibers changed the fiber morphology toward a beads-on-string 

appearance compared to the uniform diameter of polymer-only fibers. Substantial enzyme 

activity was detected in EFSBN webs after the solution blowing process and after storage at 

ambient dry conditions. The protease assay showed that EFSBN retained about 90% activity of 

the free enzyme activity. FTIR spectra, Lowry protein assay, and XPS spectra confirmed the 

presence of protein in the nanofibrous webs. However, protein losses appear to occur during 

solution blowing at higher enzyme loading conditions and clarifying the reason for this should be 

explored in future work. ToF-SIMS and laser confocal microscopy revealed that immobilized 

enzymes were mainly located inside the fibers and homogeneously distributed throughout the 

webs. Protease entrapped in solid dry PEO webs exhibited similar thermal stability compared to 

the corresponding commercial liquid protease and better stability than buffer-diluted free 

protease. Similarly, immobilized protease retained longer storage stability than buffer-diluted 

free protease. Subtilisin A protease entrapped in dry PEO retained more than 60% activity after 
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300 days, with similar remaining activity values found for both ambient and refrigerated storage. 

Therefore, protease immobilization via entrapment in PEO nanofibers by solution blowing is a 

simple, efficient process for loading a wide range of enzyme amounts in a rapidly water-soluble 

solid-state preparation that preserves a high level of enzyme activity over long periods of ambient 

storage without any added stabilizer. A specific application where is could be useful is in quick-

dissolving solid detergent formulations for laundry or dishwashing. Future studies could extend 

the SBS parametric test ranges, such as by increasing the air temperature for more rapid solvent 

evaporation that could potentially lead to higher throughput, and by investigating polymer 

solution fluid properties in the presence of varying enzyme concentrations. These variables could 

impact enzyme stability and fiber morphology. This technology can also be used with other 

enzymes, polymers and solvents, creating a broad category of enzyme functionalized solution 

blown nonwovens with unique storage and delivery options for numerous applications within 

industrial, medical, food, packaging, sensing, and consumer products and processes.   
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3. Chapter 3: Encapsulation of Candida Antarctica lipase B in polycaprolactone 

nanofiber by solution blown spinning to produce degradable enzymatic 

nonwoven web. 

Abstract: 

With increasing polymer wastes entering into environments, the disposal of plastic waste has 

become an imminent environmental problem. In this work, complete, rapid, and controllable 

enzymatic degradable nanofibrous nonwoven webs were developed. Lipase (CALB) from Candida 

sp. was successfully entrapped in polycaprolactone (PCL) nanofibrous nonwoven webs via 

solution-blown spinning of a compatible water-in-oil triad microemulsion of PCL-chloroform-

CALB. A wide concentration range (0.53-1.92 wt% protein) of CALB content nanofibrous webs 

was produced. CALB enzymes survived in the polymer solution organic solvent, and, after the 

solution spinning process, the immobilized CALB retained around 50% of the free enzyme activity. 

Residual lipase activity in the webs was measured by degrading fibers in tris buffer (100 mM, pH 

8.0) and comparing the released enzyme activity to non-immobilized free enzyme using a p-

nitrophenyl acetate substrate-based assay. The presence of enzyme protein in the solid 

nanofibers was detected by Fourier Transform Infrared Spectroscopy (FTIR). Time of flight-

secondary ions mass spectroscopy (ToF-SIMS) and laser confocal microscopy revealed that the 

immobilized enzymes were mainly positioned inside the fibers and non-homogeneously  

distributed (enzymes cling to each other) throughout the webs. Enzymatic degradation studies 

were conducted by incubating different CALB-enzyme functionalized solution-blown nonwoven 

(EFSBN)-PCL webs in Tris-HCl buffer (100 mM, pH 8.0) at 40 °C and ambient temperature (~22 

°C). It is noteworthy to mention that the enzymatic degradation of EFSBN-PCL webs was 
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controllable. Because of the nanofibrous structure of the webs and the distribution of enzymes 

throughout the webs, EFSBN-PCL webs degraded very rapidly when exposed to water. Depending 

on enzyme loading (1.92 to 0.53 (wt%), EFSBN-PCL webs were degraded within 15 to 60 mins. 

Scanning electron microscopy (SEM) images of partially degraded webs showed that thinner 

fibers disappeared first. Immobilized CALB in solid nanofiber webs exhibited long storage stability 

at room (~22 °C) and refrigeration (4 °C) temperature, with around 60% remaining catalytic 

activity after 120 days compared to the initial activity. While stability under ambient 

environments demonstrates options for safe storage and applications such as packaging 

materials, the unique degradation properties of EFSBN-PCL nonwoven webs can be exploited for 

simple waste management after use.  

Keywords: CALB, enzymatic degradation, entrapment, immobilization, polycaprolactone, 

solution blow spinning. 

 

3.1. Introduction 

Petrochemical polymers such as polyethylene and polypropylene have been widely used in 

various packaging materials owing to their good thermomechanical and barrier properties, low 

cost, and large production rates.349 However, these synthetic polymer-based ǇŀŎƪŀƎƛƴƎΩǎ become 

a major source of waste after use due to their very poor biodegradability.350 Material 

biodegradability has been widely focused on because of the renewed attention to environmental 

protection issues.351,352 So, the packaging materials should biodegrade after their useful life 

without causing environmental waste problems. Hence, great attention has been directed 

toward fully biodegradable materials that offer a feasible alternative to traditional polymeric 
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materials when recycling is not cost-effective or technically possible.353 In this context, aliphatic 

polyesters, including poly(caprolactone) (PCL), poly(lactic) acid (PLA), poly(glycolic acid), etc., 

have been the subject of increasing focus because of their biodegradability and 

biocompatibility.354 They are used in packaging, agriculture, medicine, and other areas. Among 

them, PCL has attracted a lot of attention owing to its exceptional properties, such as its 

biodegradability, compatibility with a wide range of other polymers, good processibility, enabling 

the fabrication of various structures and forms, and its relatively low cost.299,355,356 As a result, 

PCL becomes an excellent candidate for biodegradable packaging,357 controlled-release drug 

delivery,358 tissue engineering359, and other biomaterial applications.360  

 

The major limitation in the applicability of PCL scaffolds is a slow degradation rate, mainly 

because of their hydrophobicity. The five methylene repeating units moieties of PCL cause more 

hydrophobicity in PCL than other polyesters.289 The degradation of PCL starts in the amorphous 

region where water transport enables the hydrolysis of ester bonds leading to chain scission 

resulting in the formation of shorter chains, oligomers, and caproic acids.361 Due to the 

hydrophobic and semi-crystalline nature, the rate of hydration and subsequent hydrolytic 

cleavage is low; hence, PCL-based polymer scaffolds require up to 4 years to degrade 

completely.362 This slow degradation of PCL restricts its use to a limited set of applications 

requiring long-life materials. However, the PCL degradation rate can be regulated by embedding 

an enzyme within the PCL matrix when that enzyme is active for matrix hydrolysis. In addition, 

enzymatic degradation starts at the surface of the polymer. The lipases and esterase enzymes 

attach to the polymer surface in a much shorter time and start before hydrolyzing surface ester 
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bonds to form shorter chain polymers and oligomers.363 The degradation rate depends on the 

enzyme used, polymer composition, and crystallinity and is generally complete after a few 

days.364 Shi et al. studied PCL film degradation in a lipase buffer solution.365 The PCL film lost 87% 

of its initial weight after incubation at 37 ᴈ for 3 days in the presence of 45 U/ml lipase solution. 

Ganesh et al. studied lipase-embedded PCL degradation where 1.6 and 6.5 wt% Candida 

antarctica lipase B (CALB) were encapsulated in PCL films.107 CALB-embedded films were 

incubated in phosphate buffer solution (20 mM, pH 7.10) with shaking (200 rpm) at 37 °C. The 

6.5% CALB-loaded PCL film degraded completely within 24 hr while 1.6 wt% CALB-loaded PCL 

films required 17 days. So, it is established that PCL's enzymatic degradation is faster than pristine 

PCL hydrolysis degradation. However, a facile and economically cost-effective method to produce 

enzyme-loaded PCL matrix is needed. 

 

Solution blow spinning (SBS) holds promise as a potential technique to produce a cost-effective 

lipase enzyme PCL matrix. In literature, a number of PCL-polymer blends were trialed in SBS 

process.366ς369 SBS is a fiber processing mechanism, like electrospinning, that produces polymeric 

micro-, submicron- and nanofibers in a continuous process, producing fibers with different 

properties depending on the polymers used.326,328 In solution blowing, high-pressure gas is 

applied to evaporate the solvent from the polymer solution, whereas a high electric voltage is 

applied in electrospinning. A solution blow spinning unit with a single annular die, including a 

spinning nozzle with an annular gas cavity surrounding it, is illustrated in Figure 2.1. The detailed 

mechanism is explained in Section 2.1.  SBS produces fiber morphology that is similar to 
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electrospinning, but at a much larger production rate and reduced cost.193,306 The higher 

production rate could make SBS processes viable for producing mass fiber. 

 

Moreover, the high surface area of SBS webs would provide a high enzyme loading, and the 

associated high porosity of SBS webs provides accessibility to enzyme active sites resulting in low 

diffusion resistance. Some works report enzyme entrapment or encapsulation into an 

electrospun nanofiber.53,370 So, like electrospinning, it is expected that the solution-spinning 

process could also employ enzyme encapsulation. The current work is the first to investigate 

direct enzyme immobilization in PCL solution blown webs. 

 

The PCL-degrading enzyme, lipase from Candida sp. (CALB), was selected and entrapped in PCL 

nanofibrous webs. This work reported the preparation of CALB enzyme-functionalized solution-

blown nonwoven polycaprolactone (CALB-EFSBN-PCL) nanofibrous webs by solution blow 

spinning. The preparation of an enzyme-compatible PCL spinning solution using an anionic 

surfactant was also described. The results from studying enzyme position and distribution in 

fibers, immobilized enzyme activity, storage stability, and enzymatic degradability of webs are 

reported.     
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3.2.  Experimental Section 

3.2.1. Materials 

Lipase from Candida sp. (CALB) Recombinant, expressed in Aspergillus niger was purchased from 

Sigma-Aldrich as a liquid enzyme product (L3170) and used as supplied. Polycaprolactone (Mn = 

45000 Da and 80,000 Da), p-nitrophenyl acetate, p-nitrophenyl, Bis(2-ethylhexyl) sulfosuccinate 

sodium salt (AOT), chloroform, and N,N-dimethylformamide (DMF) were purchased from Sigma-

Millipore (Hampton, NH, USA). Pierce Rapid Gold BCA Protein Assay Kit (Catalog Numbers 

A53225, A53226, and A53227) (Thermo-Fisher Scientific, Waltham, MA, USA) was used to 

determine the protein concentration in the produced EFSBN using the bovine serum albumin 

(BSA) standard provided in the kit.  

 

3.2.2. SBN-PCL and EFSBN-PCL webs production  

Solution-blown nonwoven webs were produced using the same instrument and procedure 

described in Section 2.2.2. The production process had two main steps: 1) spinning solution 

preparation and 2) solution blow spinning. The solvent was preloaded by adding 100 mg Bis(2-

ethylhexyl) sulfosuccinate sodium salt (AOT) anionic surfactant to 100 ml of the solvent. The 

polycaprolactone (PCL) (Mn = 45000 Da and 80000 Da) spinning solutions were prepared by 

dissolving PCL pellets (1.5 g) in AOT surfactant-loaded solvents (chloroform, DMF, and toluene, 

10 ml) with continuous (2 hrs) stirring (100 rpm). The liquid Lipase (CALB) from Candida sp. (75-

1500 µl) was added to the PCL-AOT-chloroform solution and formed a water-in-oil microemulsion 

through vortexing (2000 rpm, 1.5 mins) and stirring (500 rpm, 3.5 mins). The solution comprising 

PCL, chloroform, AOT surfactant, and CALB was then subjected to solution blowing. A schematic 
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flow diagram of EFSBN-PCL production is presented in Figure 3.1. The solution-blown apparatus 

was the same as described in chapter 2, as illustrated in Figure 2.1, consisting of a single annular 

die with an annular gas cavity surrounding a spinning nozzle. The CALB dispersed PCL solution (5 

ml, 15 w/v%) was supplied to the inner nozzle with the control of a peristaltic pump, and 

compressed air (207 kPa/30 psi) was delivered to the outer nozzle. The process maintained the 

polymer solution feed rate and air temperature at 0.5 ml/min and 40 ᴈ, respectively. The 

collector was positioned at a fixed working distance from the nozzle of 100 mm. A pressure 

regulator controlled the pressurized air, which varied according to the experiment. The prepared 

solution-blown webs were stored at room temperature (~22 ᴈ) or 4 ᴈ until further analysis. 

  

 

Figure 3.1: Schematic flow diagram of the preparation of SBN-PCL and EFSBN-PCL by solution-
blown spinning process. 
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3.2.3. Protein content and immobilization yield of EFSBN-PCL 

The protein (enzyme) content in EFSBN-PCL was determined by the same Lowry assay method334 

described in Section 2.2.4. The technique was performed using a Thermo scientific Pierceϰ Rapid 

Gold Bicinchoninic Acid (BCA) Protein Assay Kit, which develops an orange-gold color in the 

presence of two molecules of BCA and one cuprous ion. The stock solution preparation was 

slightly different from the described solvent preparation in Section 2.2.4. EFSBN-PCL webs were 

first incubated at 40 ᴈ in tris buffer (pH 8.0, 0.1 M) for 120 mins to degrade webs wholly. Then, 

the degraded and dissolved webs solution was used as the unknown protein stock solution in the 

test protocol. A series of dilutions of known concentration (50-1500 µg/ml) were prepared from 

BSA protein and assayed alongside the unknown protein stock solution. Absorbance was measured 

at 480 nm, and protein content for the unknown was determined based on the BSA standard 

curve. The percent protein content in an EFSBN sample was calculated according to the following 

formula: 

0ÒÏÔÅÉÎ ÃÏÎÔÅÎÔ Ϸ  
 ȟ ᶻ  ȟ ᶻ

   ȟ
ΧΧΧΧΧΧΧΦΦΧΧΧΧΧΧΧ(3.1) 

 

The immobilization yield of EFSBN-PCL webs was calculated from the ratio of the measured 

amount of protein content (amount of protein detected in the final webs) in the EFSBN-PCL to 

the theoretical protein loading (amount of protein added to the spinning solution) in the web. 

The immobilization yield percentage is calculated using the following formula:   

)ÍÍÏÂÉÌÉÚÁÔÉÏÎ ÙÉÅÌÄ Ϸ  
-ÅÁÓÕÒÅÄ ÐÒÏÔÅÉÎ ÃÏÎÔÅÎÔ ÉÎ %&3".ρzππ

4ÈÅÏÒÅÔÉÃÁÌ ÐÒÏÔÅÉÎ ÉÎ ÔÈÅ ÓÐÉÎÎÉÎÇ ÓÏÌÕÔÉÏÎ
ȣȣȣȣȣȢȢȢσȢς 
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3.2.4. Lipase assay of immobilized CALB enzymes  

The lipase activity of immobilized CALB was measured using a p-nitrophenyl acetate substrate-

based assay method following a modification of the determination of carbonic anhydrase activity 

reported in previous work by Shen et al.36 The protocol was adapted for microcentrifuge tube 

incubation. In the EFSBN-PCL web dissolution step, a suitable amount (approximately 10-15 mg, 

exactly weighed) of EFSBN-PCL web was placed into a 1.5 ml microcentrifuge vial and incubated 

with 1.20 ml Tris HCl buffer (100 mM, pH 8.0) for 120 mins at 40 ᴈ during which time EFSBN-PCL 

fibers were wholly dissolved to produce a stock solution. If enzyme is not present in the webs to 

hydrolyze the polymer, SBN-PCL does not dissolve at these conditions. The p-nitrophenyl acetate 

substrate was first dissolved in ethanol to prepare a 100 mM substrate stock solution and kept 

at -4 ᴈ for further assay measurements. Before each set of an assay, 100 mM p-NPAc was diluted 

with deionized water to a final concentration of 8 mM. In the incubation step, 75 µl of EFSBN-PCL 

redissolved stock solution and 400 µl Tris HCl buffer (100 mM, pH 8.0) were mixed and 

preincubated for 5 mins. For free CALB activity, the free CALB liquid enzyme sample was first 

diluted (10,ллл ǘƛƳŜǎύ ƛƴ млл Ƴa ¢Ǌƛǎ ōǳŦŦŜǊ όǇI уΦлύΤ ǘƘŜƴΣ птр ˃l of the dilution was added to a 

мрлл ˃ƭ ƳƛŎǊƻŎŜƴtrifuge tube and pre-incubated for 5 mins at 45 ᴈ. Then, 25 µl 8 mM p-NPAc 

substrate solution was added to the free CALB and immobilized CALB solutions and mixed 

thoroughly by gentle manual mixing. The final solution (total volume 500 µl ) was incubated for 

30 minutes at 45 ᴈ. Active CALB catalyzes the hydrolysis of p-NPAc. After incubation, the reaction 

was stopped by placing microcentrifuge tubes into ice water. Absorbance measurements of the 

assay solutions determines the concentration of p-nitrophenol (p-NP), the yellow-colored 

product of p-NPAc hydrolysis, with an absorbance maximum of 405 nm. Three replicates of each 
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sample were measured. The blank control was made by maintaining the same procedure except 

adding an equivalent amount of SBN-PCL (neat PCL web) instead of EFSBN-PCL. All solutions were 

kept in the same conditions throughout the assay process. A p-NP standard curve was created by 

plotting absorbance versus known concentrations of p-NP (5-50 µg/ml). The micromoles of p-NP 

equivalents liberated were determined by using the standard curve. One unit (U) of lipase activity 

is defined as the amount of enzyme that catalyzes the release of 1.0 µmole of p-NP per min from 

the p-NPAc substrate at 40 ᴈ in the presence of 100 mM pH 8.0 Tris-HCl buffer.  

The lipase assay of the free liquid enzyme upon dilution was calculated based on the following 

equations: 

U/ml = 
А    ᶻ    ȟ

ȟÍÉÎz    ȟ
ÄzÉÌÕÔÉÏÎȣȣȣȣȢȣȣȣȣȣȣȢσȢσ 

U/mgprotein = 
Ⱦ

   
ȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȢȢȣȣȣȣȣȢσȢτ 

The lipase assay of immobilized CALB per mg of the EFSBN-PCL webs protein, 

U/mg EFSBNs protein = 
А     ᶻ    ȟ

ȟ ᶻ     ȟ ᶻ    ȟ
ȣȣȣȣȢσȢυ 

The relative activity of immobilized CALB was calculated as the percentage of the free lipase 

activity and calculated as follows: 

2ÅÌÁÔÉÖÅ ÁÃÔÉÖÉÔÙ Ϸ  
   

   
ρzππΧΧΧΧΧΧΧΦΧΧΧΧΧΦΧΧΧΧΧΧΧ(3.6) 

  

3.2.5. FTIR spectroscopy analysis of SBN-PCL and EFSBN-PCL 

The presence of enzymes in the EFSBN-PCL was characterized by FTIR Spectroscopy (iS50, 

ThermoFisher Scientific, USA), with a build-in diamond crystal Attenuated Total Reflection 

sampling head. Spectra were collected for dried SBN-PCL webs, and EFSBN-PCL webs at room 
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temperature from 500 to 4000 cm-1 with 64 scans and 4 cm-1 resolution. All specimens were 

stored in a desiccator for two days before measurement to minimize moisture in the samples.  

 

3.2.6. Enzyme distribution in EFSBN-PCL by confocal microscopy 

CALB ǿŀǎ ŎƻƴƧǳƎŀǘŜŘ ǘƻ ŦƭǳƻǊŜǎŎŜƛƴ ƛǎƻǘƘƛƻŎȅŀƴŀǘŜ όCL¢/ύ ŦƻƭƭƻǿƛƴƎ ǘƘŜ άƭŀǊƎŜ ǎŎŀƭŜ ŎƻƴƧǳƎŀǘƛƻƴέ 

procedure described in the Sigma Fluoro-tag-FITC conjugation kit. The FITC-tag-CALB has two 

absorbances, at 280 nm and 495 nm. The eluent fractions containing these two absorbances were 

collected. Sephadex G-25M column and phosphate buffered saline solution was used as the 

elution solvent. The FITC-tag- CALB was dispersed in PCL-AOT-chloroform solution and subjected 

to the same solution-blowing conditions as EFSBN-PCL webs. The FITC- CALB entrapped EFSBN-

PCL webs were placed on a glass slide and mounted under a No. 1.5 cover glass held up by 

modeling clay spacers to prevent sample compression. The 0.32 % (w/w) FITC-tag-CALB EFSBN-

PCL and 0.50 % (w/w) FITC-tagged-CALB EFSBN-PCL webs were imaged by a Zeiss LSM 880 laser 

scanning confocal microscope using a 488 nm excitation laser to detect the FITC signal. The z-

ǎŜǊƛŜǎ ƛƳŀƎŜǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ǳǎƛƴƎ ŀ нлȄ ŘǊȅ ƻōƧŜŎǘƛǾŜ ǿƛǘƘ b!ҐлΦу ŀƴŘ н ˃Ƴ ƛƴǘŜǊǾŀƭǎΦ ¢ƘŜ Ȋ-

series were further processed using Imaris 9.9 software (Bitplane, Zurich, Switzerland) to remove 

the background signal. Results show the location of CALB in EFSBN-PCL webs. 

 

3.2.7. Surface analysis using ToF-SIMS  

The surface analysis of SBN-PCL and EFSBN-PCL was done with the same instrument and 

procedure described in Section 2.2.8. The surface analysis of EFSBN-PCL was performed using a 

TOF SIMS V (ION TOF, Inc. Chestnut Ridge, NY) instrument equipped with a Bin
m+ (n = 1-5, m = 1, 
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2) liquid metal ion gun, Cs+ sputtering gun, and electron flood gun for charge compensation. Both 

the Bi and Cs ion columns were oriented at 45° with respect to the sample surface normal. The 

analysis chamber pressure was maintained below 5.0 x 10-9 mbar to avoid contamination of the 

surfaces to be analyzed. In the high lateral resolution mass spectral images acquired in this study, 

a Burst Alignment setting of 25 keV Bi3+ ion beam was used to raster in a pixel region of 256 by 

256 pixels. The negative secondary ion mass spectra obtained were calibrated using C-, O-, OH-, 

Cn-, respectively. The positive secondary ion mass spectra were calibrated using C+, C2H3
+, C3H5

+, 

C4H7
+. 

 

3.2.8. EFSBN-PCL degradation analysis  

Degradation studies of EFSBN-PCL webs were carried out under a batch process. SBN-PCL and 

EFSBN-PCL webs (~15 mg) were placed in 1500 µl microcentrifuge tubes containing 1000 µl Tris-

HCl buffer solution (100 mM, pH 8.0). Incubations were performed with manual shaking (every 5 

mins intervals) in a dry bath incubator (Isotemp, Fisher Scientific) at 40 ᴈ. All tubes were 

removed from the incubator every 15 mins to take a visual picture after which they were replaced 

in the incubator. The whole incubation process time was 60 mins. Degradation studies of EFSBN-

PCL webs at room temperature incubation were also observed. The webs (~15 mg) were 

immersed in microcentrifuge tubes containing the same tris buffer (1000 µl). The microcentrifuge 

tubes were then placed in tube holders at room temperature (~22 ᴈ) for 24 hrs, and a picture 

was taken for visual comparison. For morphological analysis of degraded webs, fibers were 

removed from microcentrifuge tubes after 30 mins incubation, dried, and stored for SEM 

analysis.  
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3.2.9. Morphological analysis of SBN-PCL, EFSBN-PCL, and degraded EFSBN-PCL using SEM  

Morphologies of SBN-PCL and EFSBN-PCL samples were investigated using field-emission 

scanning electron microscopy (FESEM) (FEI Verios 460L, USA) with an accelerating voltage of 500 

V and a current of 2 pA. The morphology of EFSBN-PCL degradation with time was also observed 

using this instrument.  

 

3.2.10. Storage stability of free and immobilized CALB-EFSBN-PCL 

The storage stability of immobilized CALB and liquid-free CALB (Sigma) was evaluated by the 

modified method of Pereira et al 104. The EFSBN-PCL webs were kept in a zip bag, stored at room 

temperature (~22 °C), and refrigerated (4 ᴈ). The as-supplied free liquid CALB and free CALB 

diluted (0.1 µl/ml) in tris buffer (0.1 M, pH 8.0) were also stored at room temperature (~22 °C).  

Samples were stored for 0-120 days, and lipase activity was determined as described in Section 

3.2.4. Residual activity was the ratio of measured activity at a time point to the initial activity at 

time zero, expressed as a percentage (Eqn. 3.7).   

2ÅÌÁÔÉÖÅ ÒÅÓÉÄÕÁÌ ÁÃÔÉÖÉÔÙ Ϸ  
-ÅÁÓÕÒÅÄ ÁÃÔÉÖÉÔÙ ÏÆ ÓÔÏÒÅÄ ÓÁÍÐÌÅ

)ÎÉÔÉÁÌ ÓÁÍÐÌÅ ÁÃÔÉÖÉÔÙ 
ρzππϷȣȣȣȣȢσȢχ 

 

 

 



 

123 
 

3.3.  Results and Discussion 

3.3.1. SBN-PCL and EFSBN-PCL preparation by solution spinning process 

The first step in selecting solution blowing process parameters for producing EFSBN-PCL webs 

was to investigate the effects of solvents on SBN-PCL webs formation. For this purpose, three 

solvents, chloroform, DMF, and toluene, were used to form a polymer solution and trialed by 

solution-blown spinning to choose the most appropriate solvent. All solvents completely 

dissolved PCL pellets and SBN-PCL samples were produced from those solutions, presented in 

Figure 3.2. The solution blown spinning process parameters were kept constant throughout the 

SBN-PCL and EFSBN-PCL production, as follows: polymer concentration 15 (w/v)%, solution 

throughput 0.5 ml/min, die to collector distance (DCD) 100 mm, air pressure 207 kPa (30 psi), 

and air temperature 40 ᴈ. PCL-toluene polymer solution formed very few fibers with many beads 

(Figure 3.2 A). The PCL polymer solution using DMF and chloroform solvents formed many fibers 

without any bead formation (Figure 3.2 B and C). Cabrera-Padilla et al. reported lipase from 

Candida rugosa showed 55% retained activity after 1 hr of contact in 100% chloroform solvent.258 

The total solution spinning time in this work was approximately 15 mins (solution vortexing 1.5 

mins, stirring 3.5 mins, and spinning process 10 mins), therefore CALB was expected to retain its 

active structure in PCL-AOT-chloroform microemulsions within this time. For this reason, 

chloroform solvent was used in this work to produce the SBN-PCL and EFSBN-PCL webs.  

 

For EFSBN-PCL production, liquid CALB enzyme solution (0.05 -1.0 µl CALB/ml polymer solution) 

was dispersed in AOT surfactant loaded (1 mg AOT/ml solvent) PCL solution (15 w/v%). The 

solution spinning process conditions for the enzyme-loaded polymer solution and the polymer-
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only solution were the same. However, fiber formation depended on the water phase in the 

water-in-oil microemulsion polymer solution. For 0.05-0.5 µl CALB/ml polymer solution, EFSBN-

PCL webs were produced perfectly in the solution spinning process. For 0.75 µl CALB/ml polymer 

solution, along with fiber production, a viscous mass accumulated beneath the spinning needle 

because the higher amount of water phase caused microemulsion instability (Figure 3.2 D). Also, 

water is a challenging solvent for solution spinning because of its comparatively low vapor 

pressure at the spinning conditions. Therefore, when too much water was present, the spinning 

process could not evaporate all the solvent quickly enough, resulting in the remaining viscous 

mass. With even higher enzyme loading (1.0 µl CALB/ml polymer solution), the spinning solution 

was not able to form fiber because of even more instability of the microemulsion due to the 

higher amount of water present. A PCL sample of 80 kDa molecular weight was also trialed by 

solution blown spinning, but it clogged the needle because a higher degree of polymerization 

(DP) causes more polymer chain entanglement.371 The optimum conditions for solution blowing 

were determined to be 0.5 ml/min solution throughput, 207 kPa air pressure, 40 ᴈ air 

temperature, 45 kDa molecular weight, 15 (w/v)% polymer solution, and 100 mm DCD, which 

were used to produce both SBN and EFSBN webs.  
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Figure 3.2: SBN-PCL and EFSBN-PCL webs on collectors (A) SBN-PCL produced by using toluene 
solvent, (B) SBN-PCL produced by using DMF solvent, (C) SBN-PCL produced by using chloroform 
solvent and (D) 3.0% CALB-EFSBN-PCL produced using chloroform solvent. 

 

3.3.2. FTIR analysis of SBN-PCL and EFSBN-PCL 

The solution blown nanofibers (SBN-PCL and EFSBN-PCL) were characterized using FTIR to 

confirm the chemical constituents of the nanofibrous webs. The infrared absorption peaks of 

SBN-PCL and EFSBN-PCL webs are presented in Figure 3.3. The FTIR spectra of PCL showed the 

main peak at 1725 cm-1 attributed to C=O stretching.372 PCL also exhibits hydrocarbon peaks, 

similar to PEO molecules, including strong peaks at 2700-3000 cm-1 for symmetric and 

asymmetric stretching of -CH2 groups; two strong splitting peaks at 1466 cm-1 and 1413 cm-1 for 

CH2 scissoring (bending mode); two strong splitting peaks at 1359 cm-1 and 1341 cm-1 for CH2 

wagging; and, two splitting peaks at 1279 cm-1 and 1241 cm-1 for CH2 twisting.336,373,374 The -C-O-

C- stretching vibrations yield peaks at three wavenumbers 1042 cm-1, 1107 cm-1, and 1233 cm-1 

which were present in the samples.372 Additionally, the double peaks at 1160 cm-1 and 1290 cm-

1 are assigned to C-O and C-C stretching in the amorphous and crystalline phases,375 and the 

presence of the strong band at 1290 cm-1 (of C-C stretching), indicates crystallinity in nanofibers.   
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The characteristic peaks of amide I and amide II protein bonds are observed at 1650 cm-1 and 

1550 cm-1, respectively.339 The N-H stretching peak of amide A overlaps with OH stretching at 

3100-3500 cm-1 where the OH stretching peak could come from bound water in an enzyme.231,340 

The considerable amount of water molecules might be present in nanofibrous that keep enzyme 

molecules as water-in-oil microemulsions. Some water molecules may be entrapped inside 

individual fibers of the nanofibrous webs together with enzymes as a result of using a water-in-

oil microemulsion spinning solution. These presences of water, enzyme binding water, and 

protein OH groups contribute to the broad OH stretching peak. Dry enzyme-free webs do not 

show peaks in this region. Likewise, the amides I and II show very small peaks because of the low 

protease content (1.3% in the EFSBN-PCL webs). However, the amide I peak intensity increases 

when a background correction from SBN-PCL webs is done.  
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Figure 3.3: FTIR spectrum of SBN-PCL and CALB-EFSBN-PCL webs with normal air background 
correction (red) and SBN-PCL webs background correction (blue). 

 

3.3.3. Enzyme loading and immobilization yield of EFSBN-PCL 

The amount of enzyme loading accommodated by a degradable packaging material is an 

important parameter for determining degradation time. A range of different CALB (0.53 to 1.92 

wt%) loaded EFSBN-PCL webs were prepared. Immobilization yields and corresponding retained 

protein content in solid webs at different enzyme loading levels in the polymer spinning solutions 

is shown in Figure 3.4 measurement of immobilization yield revealed how much enzyme added 

to the polymer solution was retained after solution blowing. Protein content means the amount 



 

128 
 

of protein detected in the final webs, and protein loading means the amount of protein initially 

added to the spinning solution before solution blowing. At low enzyme loading, immobilization 

yields had a higher value which decreased with increasing CALB loading in the spinning solution. 

This indicates that at low concentration, it was possible to form a stable water-in-oil 

microemulsion that could entrap most of the enzyme in the PCL nanofibers. However, the 

immobilization yield was only around 20% for 8.94 (wt%) protein loading in the spinning solution, 

which could be caused by instability of the microemulsion (due to high water phase) or inability 

to dry all solvent during the solution blown process. Additionally, there may have been an artifact 

error in the Rapid BCA protein determination technique because the control sample had no PCL 

molecules, whereas the protein content sample contained some degraded PCL. Another 

explanation for the less than 100% immobilization yields may be that a certain portion of the 

enzyme is aerosolized and blown away with the high-pressure air. High enzyme loading might 

lead to less interaction between polymer and enzymes or a decrease in the space available for 

entrapment, leading to increased enzyme loss to the pressurized airflow. Further work would be 

needed to clarify the specific cause(s) for the decrease in immobilization yield as enzyme loading 

increases.      
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Figure 3.4: Immobilization yield of EFSBN-PCL and retained protein in the solid EFSBN-PCL webs 
with different enzyme loading in the spinning solution. 

 
 

3.3.4. CALB-EFSBN-PCL catalytic activity 

Immobilized enzyme activity depends on immobilization methods, processing conditions, carrier 

materials type, and the supporting material's final form. CALB-loaded EFSBN-PCL webs are 

entirely degradable in buffer (Tris-HCl buffer, 100 mM, pH 8.0) incubation at 40 ᴈ which releases 

CALB into the buffer as a free enzyme. The released enzyme behaves like a free enzyme 

responding to lipase activity analysis. The activity of the released CALB was calculated based on 

the protein content detected in the solid webs. Then, the relative activity of enzyme 
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functionalized webs was measured as the activity of degraded EFSBN-PCL webs compared to the 

activity of an equivalent amount of free enzyme content, expressed as a percentage. A sample 

calculation of lipase activity of free CALB and released EFSBN CALB are shown in supplementary 

data at Appendices (A 3.1). The lipase activities of CALB-EFSBN-PCL webs relative to their 

measured protein content are presented in Figure 3.5. The EFSBN-PCL showed around 50% 

retained catalytic activity, indicating that the enzyme delivered through the solution blowing 

nozzle was still active in the final solid web products. The retained catalytic activity also indicated 

that immobilized CALB retained its native structure in PCL-chloroform solution or was able to 

recover its native functional structure after degrading webs in a buffer. This finding of a high level 

of retained relative activity reveals that the solution-blown spinning process is an excellent 

technique for entrapping lipase into a PCL carrier from a PCL-organic solvent solution.  

 

Figure 3.5: Relative catalytic activity of CALB-EFSBN-PCL webs with varying protein content in the 
solid webs. 
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3.3.5. Enzyme distribution in EFSBN by confocal microscopy 

To determine entrapped CALB distribution in EFSBN-PCL webs, CALB was labeled with fluorescein 

isothiocyanate (FITC), and the resulting FITC-tagged CALB was entrapped in EFSBN-PCL webs by 

solution blow spinning. FITC-tagged-CALB-EFSBN-PCL webs were analyzed by laser scanning 

confocal microscopy. The resulting images of webs with 0.32 and 0.50 (w/w)% entrapped FITC-

labeled CALB are displayed in Figure 3.6 and Figure 3.7, respectively. These images illustrate that 

CALB distribution in EFSBN-PCL was not homogeneous. The microscopic appearance is consistent 

with aqueous liquid enzyme solution forming a water-in-oil microemulsion in PCL-AOT-

chloroform solution. After solution blowing, enzymes remained as aggregates in the dried PCL 

webs, like in the solution phase. Although the appearance is not homogeneous, this nevertheless 

indicates that solution blowing of enzyme-loaded PCL solutions is an excellent entrapment 

process for enzymes.  

 

Figure 3.6: Laser scanning confocal microscopy images of the distribution of FITC-tagged-CALB 
(0.32 w/w%) entrapped EFSBN-PCL webs: (A1) raw image and (A2) z-series image. Green 
represents the quantity of enzyme distribution along the fiber. 
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Figure 3.7: Laser scanning confocal microscopy images of the distribution of FITC-tagged-CALB 
(0.50 w/w%) entrapped EFSBN-PCL webs: (A1) raw image and (A2) z-series image. Green 
represents the quantity of enzyme distribution along the fiber. 

 

3.3.6. Enzyme position and distribution analysis in EFSBN by ToF-SIMS 

The ToF-SIMS spectra and distribution maps revealed the distribution and position of the 

immobilized lipase. The high lateral resolution mass spectral maps of SBN-PCL webs and 1.30% 

CALB-EFSBN-PCL webs are shown in Figure 3.8 and Figure 3.9, respectively. The negative ions 

(CN- and CNO-) and total ions ratio of these three samples are shown in Figure 3.10. Overall, 

EFSBN-PCL did not show significant nitrogen peaks intensity that indicated the EFSBN-PCL 

nanofibers did not have enough protein molecules on the surface for detection. ToF-SIMS is 

limited to detecting ion fragments within 1-2 nm depth of the surface of a specimen. So, for low 

enzyme-loaded EFSBN-PCL webs, the ToF-SIMS results indicate that the amount of enzyme on 

the surface is minimal, and most enzymes are located inside the nanofibers.  
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Figure 3.8: ToF-SIMS high lateral resolution mass spectral maps (analysis area 100x100 µm2) of 
SBN-PCL webs. 

100.00 ɛm

total
MC:  1033; TC: 1.206e+007

3
Ā10

0.80

0.60

0.40

0.20

0.00

100.00 ɛm

CHO2-
MC:    21; TC: 1.228e+005

20

16

12

8

4

0

100.00 ɛm

sum of rest
MC:   909; TC: 1.045e+007

2Ā10

8.00

6.00

4.00

2.00

0.00

100.00 ɛm

CN-
MC:     9; TC: 1.850e+004

8

6

4

2

0

100.00 ɛm

SO3

MC:    71; TC: 1.075e+006

60

40

20

0

100.00 ɛm

CNO-
MC:    15; TC: 1.325e+004

15.0

12.5

10.0

7.5

5.0

2.5

0.0



 

134 
 

 
Figure 3.9: ToF-SIMS high lateral resolution mass spectral maps (analysis area 100x100 µm2) of 
0.53% CALB-EFSBN-PCL webs. 

 
Figure 3.10: (CN+CNO)/total ion count graph of SBN-PCL, 0.53% CALB-EFSBN-PCL and 1.30% 
CALB-EFSBN-PCL webs. 
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3.3.7. Enzymatic degradation of EFSBN-PCL  

PCL is an excellent candidate for controlled release and other applications, but the slow 

degradability of PCL limits its use for systems that require shorter lifetimes.107 Uniform placement 

of CALB enzyme into PCL carriers and fabrication approaches that create a higher surface area 

also directly increase the enzymatic degradability of PCL. CALB entrapment into solution-blown 

PCL nanofibrous nonwoven webs meets the requirement for higher surface area and enzyme 

distribution throughout the webs. As a result, fast enzymatic degradations of EFSBN-PCL were 

observed for all loaded webs. The visual degradation test results are presented in Figure 3.11. 

EFSBN-PCL webs were incubated in tris buffer solution (100 mM, 8.0 pH) with handshaking each 

five mins intervals at 40 ᴈ. Figure 3.11 shows that 1.90 and 1.92 wt% CALB-loaded EFSBN-PCL 

webs degraded so rapidly that by 15 mins these webs were completely degraded. Even the lowest 

CALB loaded (0.53%) EFSBN-PCL degraded much faster (within 60 mins) than reported for 1.3% 

CALB embedded PCL films that required 24 hrs to achieve complete degradation.107 

Packaging materials waste disposal is a massive problem today. EFSBN-PCL would be an excellent 

addition to develop degradable packaging materials that can be sustainably disposed after use. 

For potential disposal by soil burial, it is necessary to degrade packaging materials at ambient 

conditions. For this purpose, EFSBN-PCL webs were immersed in tris buffer (100 mM, 8.0 pH) and 

kept at room temperature to investigate degradation in the ambient environment. Figure 3.12 

shows the enzymatic degradation of EFSBN-PCL webs at room temperature. Both high and low-

loaded CALB- EFSBN-PCL webs were degraded within 24 hrs, which implies EFSBN-PCL could be 

used as degradable packaging materials or for various agricultural applications, disposed of in soil 

after use, and degraded rapidly in naturally wet soil or by wetting the soil to trigger degradation.   
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