
ABSTRACT 

TANG, CHRISTINA. Use of Chemically Crosslinked Polymer Nanofibers for 
Hyperthermophilic Enzyme Immobilization. (Under the direction of Dr. Saad A. Khan). 
 

Although enzymes are highly efficient and selective biocatalysts, lack of stability 

often limits their practical application. Thus, enzymes from hyperthermophilic 

microorganisms may be useful due to their intrinsic thermostability.  For application of 

biocatalysts, immobilization is often desirable since it improves enzyme stability, avoids 

product contamination, and eases recovery which facilitates reuse.  However, immobilization 

often leads to reduced catalytic activity.  The performance of the immobilized enzyme is 

significantly affected by the structure of the support material and nanofibers are considered 

promising materials due to their high specific surface area. Therefore, the aim of this work is 

to evaluate the use of nanofibers for enzyme immobilization.   

We immobilized a model hyperthermophilic enzyme, α-galactosidase from 

Thermotoga Maritima, by encapsulating it within electrospun nanofibers using poly(vinyl 

alcohol) (PVA) chemically crosslinked with glutaraldehyde.  This approach requires: 

production of uniform enzyme-loaded nanofibers, chemical crosslinking methods that 

maintain the high specific surface area, and resulting fibers that are insoluble in water at 

elevated temperatures to avoid enzyme leaching.   

We first explored methods of producing electrospun and chemically crosslinked PVA 

nanofibers including a single-step reactive electrospinning method. In this method, we add 

glutaraldehyde to PVA so crosslinking occurs during electrospinning and the resulting as-

spun fibers are chemically crosslinked.  Using this method, the resulting crosslinked fibers 



maintained their structure when soaked in water, suggesting that this could be a promising 

method to immobilize enzymes in a single step.  

We also examined how the addition of a model globular protein, bovine serum 

albumin (BSA), comparable to α-galactosidase in molecular weight affected electrospinning 

and production of uniform fibers.  We found that the presence (up to 50 wt.%) of BSA, did 

not appear to affect the polymer entanglement required to electrospin uniform fibers.  

Modulation of the protein distribution within the fiber was achieved by adjusting the pH of 

the electrospinning solution.  When the pH was adjusted to the isoelectric point of the 

protein, a coaxial distribution with BSA in the core was obtained.  For pHs above and below 

the isoelectric point of the protein, the amount of protein on the surface of the fiber was 

enriched.  

We developed a two-step immobilization method in which, we electrospun a 

PVA/enzyme blend to produce uniform enzyme-loaded nanofibers, then chemically 

crosslinked the fibers with glutaraldehyde in acetone.  The resulting fibers maintained their 

structure when soaked in water at 75°C and no enzyme leaching was observed indicating that 

chemical crosslinking effectively immobilized the enzyme within the fibers.  The 

immobilized enzyme showed improved thermal stability but lower apparent catalytic activity.  

The loss of activity due to deactivation was explored by examining the effect of the reagents 

used in the crosslinking reaction on the free enzyme.  By varying the enzyme-loading and 

mat thickness, intra-fiber and inter-fiber mass transfer limitations were evaluated, 

respectively.     



 Finally, we developed a single-step immobilization method using reactive 

electrospinning.  Using this process, we produced uniform, enzyme-loaded, water-insoluble 

fibers from which no enzyme leaching was observed.  Single-step immobilization resulted in 

significantly higher apparent activities when compared to two-step methods (e.g. 4 orders of 

magnitude higher than acetone-based crosslinking).  We explored possible reasons (enzyme 

deactivation and mass transfer) for the lower activity with the aim of elucidating the key 

differences in crosslinking methods.  Enzyme deactivation and inter-fiber diffusion appeared 

to affect the performance of the immobilized enzyme using both crosslinking methods.  

However, intra-fiber diffusion limitations were more significant when using acetone-based 

crosslinking than in situ crosslinking.  We attribute the differences in apparent activity to 

differences in the network structure resulting from the various crosslinking methods.  

Differences in effective diffusivities within the various network structures could account for 

the differences in the catalytic performance of the immobilized enzyme. 
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Chapter 1 Introduction and Overview 
1.1 Motivation 

Enzymes are highly efficient biological catalysts, typically enhancing the rate of a 

reaction by 3 to 20 orders of magnitude compared to the uncatalyzed reaction [1].    

Additionally, biocatalysts generally provide high stereo-, chemo-, and regio-selectivity [2].  

Enzymes could be used in a wide variety of potential applications including biosensors, fine 

chemistry, medicine and pharmacology, and food technology [3].  However, enzymes have 

limited stability and are considered fragile which greatly limits their practical use [2-4].  

Therefore, enzymes from hyperthermophilic microorganisms are considered especially 

promising for potential biotechnological applications due to their intrinsic stability and 

ability to function at high temperatures [5-8].  The use of hyperthermophilic enzymes for 

high temperature bioprocessing offers many potential advantages including: increased 

substrate solubility, decreased substrate and product viscosity, reduced diffusion resistance of 

the reactant and product, increased rate of reaction, and reduced risk of bacterial 

contamination [7, 8].  Another difficulty in the practical application of enzymes is that they 

are difficult to recover and thus reuse, and recycling is required for economic viability [2, 9, 

10].  These challenges can be addressed by immobilizing the enzyme, which has been widely 

studied and reviewed [11-13].  Immobilization can improve enzyme stability as well as ease 

separation from the product which prevents product contamination and facilitates enzyme 

reuse [11-13].  The main challenge in this field is that the catalytic activity of the enzyme is 

often decreased upon immobilization [11-13]. We aim to develop biofunctional materials that 

capitalize on the unique properties of hyperthermophilic enzymes and the nanofibrous 
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supports that we use by effectively immobilizing hyperthermophilic enzymes and examining 

the fundamental issues in order to maximize the performance of the immobilized enzyme as 

measured by stability and activity. 

High temperature bioprocessing using hyperthermophilic enzymes introduces new 

challenges for enzyme immobilization as the immobilization method must be effective at 

elevated temperatures. For example, the relatively simple method of physical adsorption, 

which is based on electrostatic and hydrophobic interactions between the protein and support, 

may not be efficient at elevated temperatures, and the enzyme leaching could be significant 

[12, 14]. Covalent attachment can prevent enzyme leakage from the support but often 

requires toxic chemicals, such as cyanogens bromide, carbodiimides and diisocyanates to 

attach the enzyme to the support surface, which can ultimately result in reduced catalytic 

activity and accelerated enzyme inactivation [12, 14-16]. Additionally, enzyme loading is 

often limited using this immobilization method [17-19].  An alternative immobilization 

method is entrapment or encapsulation in which the enzyme is sufficiently constrained to 

prevent the enzyme from diffusing out of the support material.  Entrapment or encapsulation 

of a hyperthermophilic enzyme in a solid phase necessitates that the matrix withstand high 

temperature bioprocessing conditions.  Advantages of entrapment include relatively simple 

procedures and the ability to accommodate high enzyme loadings.  Further, the support 

material may protect the enzyme preventing inactivation but may introduce mass transfer 

limitations reducing overall process efficiency [15].   The immobilization methods are shown 

schematically in Figure 1.1. 
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Figure 1.1. Schematic of immobilization methods: (a) physical adsorption based on 
electrostatic and hydrophobic interactions (b) covalent attachment between 
nucleophilic groups of the enzyme and support (typically lysine amino groups) (c) 
physical entrapment within a porous solid matrix and (d) encapsulation within 
semipermeable materials. Adapted from [20]. 
 
 
 

With any immobilization method, the performance of the immobilized enzyme is 

significantly affected by the properties, particularly the structure (size and shape) of the 

support material [3, 21], and nanostructured materials are considered especially promising 

for enzyme immobilization [3].  In particular, fibrous materials are considered desirable for 

enzyme immobilization due to their intrinsically high specific surface area. Nanofibers have 

diameters between 10 and 500 nm and are significantly smaller than a human hair (Figure 
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1.2).  These materials have exceptionally high specific surface area and may be of use in a 

broad range of applications such as filtration, protective clothing, tissue engineering, drug 

delivery, catalysis, and sensors.  Use of nanofibers as solid supports for immobilization of 

catalysts, including biocatalysts, is especially promising.  Therefore, the aim of this work is 

to evaluate the use of nanofibers as support materials for enzyme immobilization, specifically 

hyperthermophilic enzymes. 

 
 

 
 

Figure 1.2. SEM micrograph of nanofibers produced on and around a single human 
hair. 
 
 
 

Nanofibrous membranes and nanofiber composites can be produced using 

electrospinning, which involves the application of a high voltage (1-30 kV) to induce the 

formation of a liquid jet of polymer solution or melt.  As the jet of polymer solution is 

stretched and whipped due to electrostatic forces, solid fibers are collected in a non-woven 

mat. The basic electrospinning setup has three major components: a high-voltage power 

supply, a capillary device, and a ground collector (Figure 1.3). As a positive displacement 

pump forces the polymer out of the capillary, simultaneously, a high-voltage electric field is 
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applied which charges the pendant drop of the polymer liquid at the nozzle. With increasing 

electric field, the droplet takes on a conical shape (called a Taylor cone) and from its apex a 

fine liquid jet ejects towards the collector. The electrified jet undergoes stretching and 

whipping, resulting in a long and thin fiber. As the liquid jet is continuously extended and the 

solvent evaporates, there is a significant reduction in the diameter of the jet from several 

hundred micrometers to as low as tens of nanometers. Ultimately, the charged fiber is 

deposited onto the grounded collector plate as a random, non-woven mat of nanofibers.  The 

electrospinning process is affected by solution properties such as the type and conformation 

of the polymer, solution rheology, electrical conductivity, and surface tension, as well as 

operating conditions such as the applied voltage, the tip-to-target distance and the feed rate of 

the polymer [24-26]. 

 
 

 
 

Figure 1.3. Schematic of a basic electrospinning setup, adapted from [25]. 
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Using nanofibers as support materials for enzyme immobilization has been achieved 

by two main methods: surface attachment and encapsulation.  Attachment of enzymes to the 

surfaces of fibers has been achieved by covalent linkages using unmodified as well as 

modified nanofibers.  However, these processes generally utilize hydrophobic materials 

which limits enzyme loading and often requires modification to increase the biocompatibility 

of the surface [19].  Encapsulation within nanofibers can be achieved by co-electrospinning 

enzymes in solution with a water-soluble polymer, and immobilization can be achieved by 

crosslinking the polymer. Advantages of this approach include simplicity and ability to 

accommodate high enzyme loadings.  Encapsulation approaches using water-insoluble 

polymers such as coaxial electrospinning with the aqueous enzyme/polymer solution in the 

core and a water-insoluble fiber as the shell [27] and electrospinning emulsions of enzyme 

and water-insoluble polymers have been considered [28-31].  However, the use of water-

insoluble materials may cause conformational changes of the enzyme resulting in 

deactivation due to their poor biocompatibility.  Immobilization by electrospinning 

prehydrolyzed tetramethyl orthosilicate (a silica precursor) and polyvinyl alcohol (PVA) with 

enzyme resulting in entrapment of the enzyme within mesoporous silica fibers has also been 

reported, although loss of enzyme usually takes place when using this method [32].  Loss of 

activity and enzyme leaching from the support materials remain chief issues in developing 

appropriate immobilization methods.  These methods are shown schematically Figure 1.4. 
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Figure 1.4.  Use of nanofibers for enzyme immobilization (A) enzyme adsportion on 
polymer fiber, (B) covalent attachment to surface of polymer fiber (C) encapsulation of 
enzyme within polymer fiber, and (D) encapsulation of an enzyme core within a coaxial 
fiber. Adapted from [2]. 
 
 
 
1.2 Approach 

Our approach to using electrospun nanofibers as support materials for enzyme 

immobilization is to encapsulate the enzyme within polymer fibers using polyvinyl alcohol 

(PVA) as a support material.  PVA is a water-soluble and biocompatible polymer with 

excellent chemical and thermal stability [33, 34].  Importantly for this application, PVA can 

be electrospun into uniform fibers [33-40] and can be chemically crosslinked using 

glutaraldehyde (GA) [41].  In the presence of a strong acid, the glutaraldehyde reacts with the 

hydroxyl groups of the PVA forming acetal bridges or ether linkages (Figure 1.5) [41, 42] 
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decreasing the hydrophilicity of the polymer [41].   

 
 

 
 

Figure 1.5.  Chemical crosslinking reaction mechanism of PVA with GA adapted from 
[42]. 
 
 
 

As a model hyperthermophilic enzyme, we used α-galactosidase (α-gal) from 

Thermotoga Maritima, which grows optimally at 90°C [43-45]. α-gal is a homodimeric 

protein with a molecular mass of 62 kDa (close to the calculated molecular mass of 63.7 kDa 

based on it 552 amino acids) and calculated isoelectric point (pI) of 5.22 [46].  The optimal 

pH and temperature for α-gal activity is between pH of 5.0-5.5 and 90-95°C, respectively 

[46].  α-gal is stable at 75°C for up to 7 days and 70 minutes at 90°C [46].  The role of α-gal 

is to break down carbohydrates that contain galactose as it catalyzes the hydrolysis of α-1→6 

linked α-D galactosyl residues from the nonreducing end of polysaccharides or 

oligiosaccharides such as raffinose, stachyose and melibiose [45, 46].  α-gal has potential 

applications in food processing and biotechnology [45, 46].  For example, in food processing, 

α-gal has been used to increase sucrose yields from sugar beets, improve the nutritional 

quality of soybean milk and other legume-based products, and improve the gelling and 
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viscosity properties of guar galactomannans [45, 46].  Additionally, α-gal has been used as 

enzyme replacement therapy to treat Fabry’s disease, a genetic lysosomal storage disorder, 

and to convert B-type blood antigens to produce O-type blood [45, 46].  

One of the main concerns using encapsulation based immobilization methods is the 

effect of mass transfer limitations [19], though the small size scale of the nanofibers should 

minimize the effect.  We can use theoretical considerations of the evaluation of kinetics in 

heterogeneous systems such as enzymes immobilized using solid support materials that have 

been explored [47-49] to initially assess mass transfer limitation when using nanofibers as 

support materials for enzyme immobilization.  Internal diffusion resistance occurs when the 

enzyme is contained within a solid matrix as in entrapment within chemically crosslinked 

polymer nanofibers.  Using electrospun nanofibrous membranes as support materials, internal 

diffusion could have two components that must be considered: intra-fiber diffusion i.e. mass 

transfer within a single-fiber, and inter-fiber diffusion i.e. mass transfer through the multiple 

layers of fiber (Figure 1.6).  Internal mass transfer within immobilized enzyme systems can 

be assessed using the Theile modulus (Φ), a dimensionless parameter that describes enzyme 

kinetics relative to internal mass transfer rates assuming external mass transfer resistance is 

negligible compared to internal diffusion, which is typical for enzyme immobilization within 

solid supports.  The dimensionless Thiele modulus can be defined as:  

 

where L is a characteristic length dependant on the system geometry (the ratio of the volume 

to the surface area), vmax
’’’  is the reaction rate at large substrate concentration when the 
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amount of enzyme is rate limiting per unit volume of the membrane, Deff is the effective 

diffusivity and Km  is the Michaelis-Menton constant.  For small values of Φ (< 0.5), the 

system is limited by enzyme kinetics.  Large values of Φ (>5) indicates the system is limited 

by mass transfer [47, 50].    

 
 

 
 
Figure 1.6. Schematic of mass transfer within nanofibrous membranes produced by 
electrospinning. 
 
 
 

Considering our proposed approach of electrospun nanofibers as potential support 

materials, we can examine Φ based on previous reports [43] of the kinetic parameters of our 

model hyperthermophilic α-gal, assuming no loss in catalytic activity occurs during 

immobilization and typical properties of an electrospun PVA mat (1 square inch area, 

thickness ~50 μm, porosity ~80%, fiber diameter ~200 nm, mass 10 mg, enzyme loading 

0.1%).  To assess intra-fiber diffusion, we take the characteristic length to be (R/2 where R is 

the radius of a typical fiber).  Assuming an effective diffusivity of ~10-6 cm2·s-1 based on 

previous reports of small molecule diffusion through crosslinked PVA [51, 52], we find 

Φ~10-1 indicating that the system should be limited by enzyme kinetics rather than intra-fiber 
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diffusion.  Therefore, these nanofibers may be a promising support material for enzyme 

immobilization.  To evaluate inter-fiber diffusion, we take the characteristic length to be half 

of the typical mat thickness.  In this case, Φ~10 indicating that inter-fiber mass transfer 

through the multiple layer of fiber may limit the apparent reaction rate of the immobilized 

enzyme.  However, the effective diffusivity through the electrospun membrane may be 

higher than the previous reports of diffusion through crosslinked PVA given the high 

porosity of the membrane which could decrease Φ.  Additionally, loss of catalytic activity 

may occur due to the immobilization method which would reduce Vmax  and decrease Φ.  The 

relative effects of deactivation and mass transfer limitations must be carefully considered 

when evaluating the use of electrospun nanofibrous membranes as support materials for 

enzyme immobilization. 

Using our model system of PVA, α-galactosidase and glutaraldehyde, we sought a 

simple method to immobilize enzymes within nanofibers by co-electrospinning the enzyme 

with a water-soluble polymer (PVA) and chemically crosslinking (with GA) the electrospun 

enzyme-loaded fibers.  Our first aim was to develop appropriate immobilization methods for 

hyperthermophilic enzymes.  Establishing appropriate immobilization methods using 

electrospun nanofibers requires (1) production of uniform enzyme-loaded nanofibers, (2) a 

chemical crosslinking method that does not affect the integrity of the fibers so that the high 

specific surface area of the electrospun materials are maintained, and (3) resulting fibers that 

are insoluble in water at elevated temperatures to avoid enzyme leaching.   To assess the 

immobilization methods, we ensured that the enzyme remained catalytically active upon 

immobilization and that no enzyme leaches from the fiber.  An overview schematic of our 
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approach to entrap enzyme within chemically crosslinked PVA fibers is shown in Figure 1.7. 

 
 

 
 

Figure 1.7.  Overview of proposed immobilization method of entrapment within 
chemically crosslinked polymer nanofibers using our model system of PVA, α-gal and 
GA. 
 
 
 

Once we have developed appropriate methods for immobilization of 

hyperthermophilic enzymes, we further evaluated the use of nanofibers as support materials 

for enzyme immobilization.  Important considerations for evaluation include examining 

potential enzyme deactivation during the immobilization process as well as potential mass 

transfer limitations due to entrapment within the chemically crosslinked polymer matrix.  

Upon immobilization, loss in activity could occur due to enzyme deactivation as 
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incorporation of an enzyme into a solid polymer matrix by co-electrospinning and 

crosslinking can affect the conformation of a protein [19].   Apparent activity could also be 

affected by mass transfer limiting the accessibility of the substrate to the active site [19]. The 

role and relative effects of enzyme deactivation and mass transfer when using chemically 

crosslinked polymer nanofibers as a support material for the entrapment of enzymes remain 

important issues in evaluating the use of chemically-crosslinked PVA nanofibers as a viable 

support material for entrapment of biocatalysts.  An understanding of the reasons for 

apparent loss of activity upon immobilization may provide opportunities to improve the 

performance of the immobilized enzyme. 

1.3 Overview 

The overall goal of this work is to evaluate the use of nanofibers as potential support 

materials for enzyme immobilization.  We aim to examine fundamental scientific issues 

pertaining to encapsulating enzymes within electrospun and chemically crosslinked polymer 

fibers.  The main goals of this study are to: 

(1) immobilize a model hyperthermophilic enzyme by entrapment within chemically 

crosslinked polymer nanofibers,  

(2) assess the effectiveness of the immobilization method ensuring that the immobilized 

enzyme remains catalytically active and enzyme leaching is avoided,  

(3) evaluate the use of nanofibers as support materials considering potential enzyme 

deactivation during immobilization as well as potential mass transfer limitations, and 

(4) utilize the fundamental understanding gained to enhance the performance of the 

immobilized enzyme as measured by apparent catalytic activity. 
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Toward this end, we first explored methods of producing electrospun and chemically 

crosslinked PVA nanofibers including a single-step reactive electrospinning method 

described in Chapter 2.  In this chapter, we develop a method to produce uniform fibers that 

are electrospun and crosslinking in a single reactive electrospinning step.  The size of the 

fibers was not significantly affected after soaking in water, suggesting that this could be a 

promising method to immobilize enzymes within chemically crosslinked PVA fibers in a 

single reactive electrospinning step.  

In Chapter 3, we examined how the addition of protein affected electrospinning and 

the ability to produce uniform fibers.  We found that the presence of a model globular 

protein, bovine serum albumin (BSA) with a similar molecular weight as α-gal, did not 

appear to affect the polymer entanglement required to electrospin uniform fibers.  Uniform 

fibers containing up to 50 wt.% BSA were obtained.  These results suggest that uniform 

enzyme loaded fibers with high loading (up to 50%) could be obtained using electrospinning.  

Given the concerns regarding mass transfer limitations when encapsulating enzymes within 

nanofibers, we were particularly interested in the location of the protein within the fiber.  

Modulation of the protein distribution within the fiber was achieved by adjusting the pH of 

the electrospinning solution.  When the pH was adjusted to the isoelectric point of the 

protein, a coaxial distribution with BSA in the core was obtained.  For pHs above and below 

the isoelectric point of the protein, the amount of protein on the surface of the fiber was 

enriched.   

 In Chapter 4, we describe a 2-step immobilization method based on how crosslinked 

PVA nanofibers have been typically produced.  In the first step, we electrospun a blend of 
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PVA and model hyperthermophilic enzyme, α-gal, to produce uniform enzyme loaded 

nanofibers.  In the second step, we chemically crosslinked the enzyme-loaded fiber by 

exposing the fibers to glutaraldehyde dissolved in a non-solvent for PVA (acetone) to 

immobilize the enzyme.  The resulting crosslinked fibers maintained their structure when 

soaked in water at 75°C, indicating that the fibers are sufficiently robust for the 

immobilization of hyperthermophilic enzymes. Further no enzyme leaching from the fibers 

was observed over 48 hours, suggesting that the chemical crosslinking was sufficient to 

effectively immobilize the enzyme within the fiber.  The effect of immobilization on the 

apparent catalytic properties such as activity as a function of temperature, kinetic parameters 

(Km, vmax), activation energy, as well as thermal stability were evaluated.  The immobilized 

enzyme showed improved thermal stability but lower apparent catalytic activity.  By 

examining the effect of the reagents used in the crosslinking reaction, we obtained an 

understanding of the importance of deactivation on the loss of activity upon immobilization.  

Intra-fiber and inter-fiber mass transfer limitations were considered by varying the enzyme-

loading and the mat thickness, respectively.  Based on the insight gained, we explored the use 

of additives to improve the apparent activity of the immobilized enzyme.   

 Since the chemical crosslinking achieved using the two-step method appeared to 

effectively immobilize the enzyme within the fiber and the resulting crosslinked fibers were 

sufficiently robust for immobilization of hyperthermophilic enzymes, we developed a single-

step immobilization method in Chapter 5 based on the reactive electrospinning method 

described in Chapter 2.  The performance of the immobilized enzyme as measured by the 

thermal stability and apparent activity of the immobilized enzyme using the single-step 
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method was compared to alternative two-step methods including the one described in 

Chapter 3.  In comparison, the single-step immobilization method resulted in significantly 

higher apparent activities (4 orders of magnitude higher than non-solvent based crosslinking 

and 3-fold higher than vapor-phase crosslinking).  Differences in the apparent activity 

resulting from the various crosslinking methods were evaluated considering enzyme 

deactivation due to the crosslinking reaction as well as intra-fiber and inter-fiber mass 

transfer limitations.  

 Finally, we summarize the overall implications of results presented.  Based on our 

findings, we recommend future ventures that could potentially improve the performance of 

enzyme immobilized using the methods described.   Possible applications of the 

immobilization methods described are also discussed.  
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Chapter 2 In situ Cross-linking of Electrospun Poly(vinyl alcohol) 
Nanofibersi 

2.1 Abstract 

We examine single step reactive electrospinning of polyvinyl alcohol (PVA) and a 

chemical crosslinking agent, glutaraldehyde (GA) with hydrochloric acid (HCl) as a catalyst 

to generate water-insoluble PVA nanofibers. Crosslinked hydrophilic membranes such as 

nanofibrous membranes of chemically crosslinked PVA have potential applications for the 

separation of organic-water mixtures by pervaporation. The development of a single-step 

process to crosslink electrospun fibers may accelerate the crosslinking process by eliminating 

the need for post-electrospinning treatment.  The rheological properties of PVA solutions 

were studied and correlated with electrospinnability. The reactive electrospinning process 

lowered the critical PVA concentration required for successful electrospinning of the system.  

During in situ crosslinking, significant changes in the rheological properties occurred and 

these were monitored in parallel with electrospinning. By measuring the dynamic rheological 

properties simultaneously, we associated changes in rheological properties to changes in fiber 

morphology for two regions: (1) below the critical concentration to electrospin pure PVA and 

(2) above the critical concentration to electrospin pure PVA. In region (1) fiber morphology 

changed from beaded fibers to uniform fibers to flat fibers and in region (2) fiber 

morphology changed from uniform fibers to flat fibers.  Electrospinning windows to generate 

uniform fibers for both regions were determined and could be manipulated by changing the 

                                                 
i The material in this chapter has been published as: Tang, C.; Saquing, C.D.; Harding, J.R.; 
Khan, S.A.  In Situ Crosslinking of electrospun poly(vinyl alcohol) nanofibers.  
Macromolecules 2009, 42, 630-637. 
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molar ratio of GA to PVA and the volume ratio of HCl to GA. The electrospun fibrous 

material generated was insoluble in water and the uniform fiber morphology could be 

maintained after soaking in water overnight. The critical molar ratio of GA to PVA and 

volume ratio of HCl to GA to crosslink 7 wt% PVA and maintain fibrous morphology were 

also determined.  

2.2 Introduction 

Poly(vinyl alcohol) (PVA) is a water-soluble and biocompatible polymer, with 

excellent chemical and thermal stability [33, 34].  Applications of PVA are limited by its 

hydrophilicity, but chemical crosslinking improves its stability in aqueous media [34, 35].  

Chemical crosslinking by glutaraldehyde (GA), a dialdehyde, during which the hydroxyl 

groups of  the PVA and the aldehyde groups of GA react in the presence of a strong acid,  

has been well studied [35, 42, 53-55].  Crosslinking is advantageous because it renders the 

nanofibers insoluble in all solvents and increases the mechanical properties of the 

membranes; insolubility is especially desirable for filtration applications [34, 35, 42, 53, 56].  

 Electrospinning is a simple technique used to generate nanofibrous membranes and 

nanofiber composites [24-26, 57-61].  It involves the application of a high voltage (1-30 kV) 

to induce the formation of a liquid jet of polymer solution or melt.  As the jet of polymer 

solution is stretched and whipped due to electrostatic forces, solid fibers are collected in a 

non-woven mat. The basic electrospinning setup has three major components: a high-voltage 

power supply, a capillary device and a ground collector. A positive displacement pump 

forces the polymer out of the capillary. Simultaneously, a high-voltage electric field is 

applied which generates charges in the pendant drop of the polymer liquid at the nozzle. With 
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increasing electric field, the droplet takes on a conical shape (called a Taylor cone) and from 

its apex a fine liquid jet ejects towards the collector. The electrified jet undergoes stretching 

and whipping resulting in a long and thin fiber. As the liquid jet is continuously extended and 

the solvent evaporates, there is a significant reduction in the diameter of the jet from several 

hundred micrometers to as low as tens of nanometers. Eventually, the charged fiber is 

deposited onto the grounded collector plate as a random, non-woven mat of nanofibers.  

Despite the simplicity of the electrospinning setup, the actual mechanism of nanofiber 

formation is rather complex.  The electrospinning process is affected by solution properties 

such as the type and conformation of the polymer, viscosity, electrical conductivity, and 

surface tension, as well as operating conditions such as the applied voltage, the tip to target 

distance, and the feed rate of the polymer [25, 26]. 

 Water-insoluble electrospun PVA membranes are often produced in a two step 

process: first an aqueous PVA solution is electrospun to generate nanofibrous membranes 

and then the membranes are crosslinked ex situ by exposure to GA and a strong acid in 

solution with a non-solvent for PVA such as acetone or ethanol. Another approach that has 

been investigated is vapor phase crosslinking wherein the membranes are exposed to GA and 

strong acid vapors [22, 23, 39, 56].  While it is desirable to eliminate post-electrospinning 

treatment and accelerate the production process, very limited work has been done in trying to 

crosslink PVA or other nanofibers, in a simple, one step process Recently, single step 

formation of crosslinked electrospun nanofibers using the basic electrospinning setup with 

PVA crosslinked with maleic anhydride in the presence of a strong acid, and chitosan 

crosslinked with glutaraldehyde have been examined [62, 63].  Changes in viscosity were not 
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observed in the case of chitosan and glutaraldehyde or noted in the case of PVA and maleic 

anhydride whereas GA is known to cause significant rheological changes when added to 

PVA solutions [64].  The morphology of the electrospun crosslinked material after soaking in 

an aqueous environment was also not reported, thus uncertainty remains regarding the effect 

of soaking on fiber morphology.  These results taken together indicate that several issues still 

remain in understanding fully a single step crosslinking process with electrospinning.   

 In this study, we undertake a systematic approach to develop and examine an in situ 

process to electrospin crosslinked nanofibers using a simple setup without reverting to any 

modifications. We seek to examine the role of rheology as well as the crosslinkers in 

establishing a window for electrospinnability, the effect of crosslinking on final fiber 

morphology, and whether crosslinking can be exploited to obtain defect free fibers at 

entanglement concentrations lower than that typically required [65, 66]. Our work builds on 

the rheology background of our group [67-70], and on the crosslinking work that has been 

undertaken thus far in the literature on electrospun nanofibers.   

Several single step processes for crosslinking electrospun nanofibrous membranes 

have been reported, eliminating post-electrospinning treatment and accelerating the 

production process [62]. However, these studies have typically required changes in set-up 

design. In situ photocrosslinking of polymer fibers during electrospinning by incorporating a 

source of ultraviolet light into the basic electrospinning setup has been reported [71, 72].  

However, this approach is limited to electrospinnable, photocurable materials and requires a 

specialized electrospinning setup.  A coaxial reactive crosslinking setup, in which the 

polymer to be crosslinked is in a core syringe and the chemical crosslinking agent is in the 
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shell with an electrospinnable polymer, has also been developed [73].  This methodology, 

though, requires a second step in which the electrospinnable polymer shell is selectively 

removed after electrospinning [73].   Using the basic electrospinning setup, chemical 

crosslinkers have been incorporated into the electrospinning solution, but require post 

electrospinning treatment to activate the reaction [73, 74].   

In situ crosslinking has also been reported as part of a sol-gel electrospinning process 

used to generate gelatin and siloxane hybrid nanofibers [75].  The process required aging at 

37°C for 10-30 hours prior to electrospinning [75].   The hybrid fibers do not dissolve when 

immersed in an aqueous environment, but the fiber morphology is not maintained.  Sol-gel 

electrospinning using PVA to form inorganic-organic composite material has been previously 

described, but in the context of producing inorganic nanofibrous materials such as silica, 

hydroxyapatite, CeO2, etc.  following a calcination step [76-81]. 

We report a single step process to produce crosslinked PVA nanofibrous membranes 

using a basic electrospinning setup by incorporating GA and a strong acid (HCl) into the 

electrospinning solution immediately before processing.  The effects of the crosslinking 

reaction on the rheological properties of the PVA/H2O/GA/HCl solution were monitored in 

parallel with the electrospinning process.  Viscosity, elastic modulus, and viscous modulus of 

the solutions increase as a function of time; however, the values of such parameters are 

specific for a given solution as they depend on the concentration of the components.  

Although solution viscosity can be used to predict morphology of electrospun material [65, 

66, 82], changes in the viscosity were not a convenient parameter to monitor the in situ 

crosslinking process because they are affected by PVA, GA, and HCl concentrations. 
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Changes in the phase angle δ, a measure of the ratio of the viscous modulus to the elastic 

modulus, were not dependent on the concentration of the components; it decreased from ~90° 

and ~10° universally during crosslinking.   Furthermore, the phase angle was a universal 

parameter that correlated with changes in the morphology of electrospun material.  While 

monitoring changes in the phase angle in parallel with the electrospinning process, we were 

able to identify appropriate electrospinning windows for PVA/H2O/GA/HCl solutions to 

generate bead-free fibers. The length of the electrospinning windows was determined and 

could be manipulated by varying the GA and HCl concentrations. Fiber morphology after 

exposing the electrospun in situ crosslinked fibers to aqueous media was also examined. 

2.3 Experimental  

2.3.1 Materials 

PVA (average molecular weight 205,000 g/mol, 88% hydrolyzed) and hydrochloric 

acid (37% purity), were obtained from Aldrich.  Glutaraldehyde (50% aq.) was received from 

Acros. All materials were used as received.   

2.3.2 Electrospinning 

Aqueous PVA solutions were prepared by stirring mixtures of PVA and deionized 

water at 60°C until they were homogeneous.  The polymer solution, GA and HCl were 

combined in appropriate proportions at room temperature and stirred briefly; a portion of the 

solution was electrospun and another portion tested rheologically immediately after 

preparation.  The addition of the final component (HCl) was assumed to initiate the 

crosslinking reaction (Figure 1.5) 

To electrospin, approximately 1 mL of the PVA/H2O/GA/HCl solution was loaded 
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into a syringe fitted with a stainless steel needle (0.508 mm I.D.) and attached to a power 

supply (Gamma High Voltage Research, D-ES-30PN/M692).  A flow rate of 0.5 mL/hour, 

collecting distance of 15 cm between the tip of the needle and the ground collector plate 

covered with foil and applied voltage of 10-22 kV were used. In order to determine if the 

electrospun material had been crosslinked, small sections of the electrospun mat were cut out 

at various times and soaked in deionized water at room temperature overnight.  Samples were 

removed from the water and dried at ambient conditions for several hours before further 

analysis. 

2.3.3 Rheological Measurements 

The zero-shear viscosity of PVA only solutions was measured at 25°C using a TA 

instruments AR-G2 Rheometer using a 40 mm diameter, 2° cone and plate geometry. 

Dynamic oscillatory shear experiments were also performed on selected samples as a 

function of time at 25°C using the same rheometer and configuration, but with a solvent trap.  

A frequency of 10 radians/second and a stress of 1 Pa were used for all experiments, because 

it was within the linear viscoelastic region of the solutions.  Measurements of the elastic (G’) 

and viscous (G’’) modulus along with loss tangent tan δ (=G’’/G’) in which δ corresponds to 

the phase shift, were taken every 30-60 seconds for up to 8 hours.  

2.3.4 Sample Characterization  

To examine the fiber morphology, samples, as-spun and after soaking, were sputter 

coated with a ~10 nm layer gold and analyzed with a scanning electron microscope (SEM, 

FEI XL-30) at 5 kV.  The average fiber size and standard deviation were determined by 

measuring the diameter of 100 fibers using ImageJ software.   



24 
 

 

Thermal properties of the nanofibrous mats were examined with Differential 

Scanning Calorimetry (DSC) with TA Instruments Model DSCQ2000.  Samples were heated 

from -20°C to 235°C at a rate of 10°C/minute under nitrogen.  The glass transition 

temperature was determined from the inflection point of the specific heat capacity of the 

second scan as has been previously reported [83, 84].  Glass transition temperatures were 

measured in triplicate. 

Infrared spectra (400-4,000 cm-1) of pure PVA and crosslinked samples were 

measured with a Nicolet 6700 FTIR spectroscope (Thermo Electron Corporation). The 

absorbance peaks for the hydroxyl (-OH) group at 3315 cm-1 and the peak at 1097 cm-1, 

attributed to –COC groups, were normalized.  The ratio of the peak heights (-COC/-OH) 

were compared for PVA and crosslinked PVA samples [40]. 

2.4 Results and Discussion 

2.4.1 Effect of Polymer Concentration 

We begin by investigating the correlation of pure PVA solution dynamics with the 

resulting morphology of the electrospun material (Figure 2.1 and Figure 2.2, respectively). 

Figure 2.1 shows the normalized zero shear viscosity of PVA solutions as a function of 

polymer concentration. Solution viscosity, a measure of polymer entanglement, can be used 

to predict the morphology of electrospun material [65, 66, 82]. Common fiber morphologies, 

i.e., beaded fibers and uniform fibers, have been correlated with different polymer 

concentration regions [66]. For our system, below 2 wt. % PVA, we find that ηsp ~ c1.3 (where 

ηsp is the specific viscosity and c is the PVA concentration), consistent with the theoretical 

prediction for semidilute, nonentangled solutions of a neutral polymer in a good solvent [82]. 



25 
 

 

Above 3 wt. % PVA, ηsp ~ c3.8, characteristic of semidilute entangled solutions [82, 85].  The 

entanglement concentration is 2.5 wt. % PVA, as indicated by the change in slope in the ηsp 

vs. c plot (Figure 2.1) [82].  As shown in Figure 2.1, semidilute non-entangled solutions 

(Region I) produce non-uniform beaded fibrous materials and large droplets; semidilute, 

entangled solutions produce beaded fibers with increased uniformity when qualitatively 

compared to Region I (Region II); concentrations above 6 wt. % PVA (critical concentration) 

produce uniform fibers (Region III).  The critical concentration to spin pure PVA is 6.0 wt. 

% which is 2.5 times greater than the entanglement molecular weight of 2.5 wt. % (Figure 

2.1) agrees well with previous studies [65, 66]. 

 
 

 

Figure 2.1 Rheological solution properties of pure PVA: a log-log plot of specific 
viscosity versus concentration for PVA solutions. 
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PVA solutions from the three concentration regimes were crosslinked during the 

electrospinning process.  The solutions were electrospun until the needle clogged and the 

fiber morphology obtained was examined (Figure 2.2 (right column)).  The solutions in 

Region I transitioned from non-uniform beaded fibrous materials and large droplets to 

beaded fibers with increased uniformity.  Interestingly, solutions in Region II transitioned 

from beaded fibers with increased uniformity to uniform fibers, some with flattened 

morphology.  Finally, solutions in Region III transitioned from uniform fibers to flattened 

fibers.   
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Figure 2.2 SEM micrographs of PVA and in situ crosslinked PVA from the Regions I, II 
and III: 2 wt.% PVA, 550:1 mol:mol ratio GA:HCl; 4 wt.% PVA, 90:1 mol:mol ratio of 
GA:HCl; 8 wt.% PVA, 90:1 mol:mol ratio of GA:HCl. 
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 In situ crosslinking thus causes significant changes in fiber morphology.  The 

transitions from beaded fibers to uniform fibers to flat fibers indicate increased molecular 

entanglement and effective molecular weight due to the presence of GA.  Flat PVA fibers 

have been previously observed and attributed to high molecular weights [37].  Koski et al. 

speculated that at high molecular weights relatively wet fibers are flattened on impact when 

deposited due to reduced solvent evaporation and increased viscosity.  Increased viscosity 

and increased effective molecular weights may indicate intermolecular crosslinking at the 

concentrations of PVA and GA used, which are higher than previously used to prepare 

intramolecular crosslinked water-insoluble gels [55].  Due to the apparent increase in 

molecular entanglement, semi-dilute entangled PVA solutions (e.g, 4% PVA sample in 

Figure 2.2 (left)) that cannot be electrospun normally can produce uniform fibers during in 

situ crosslinking, thus lowering the critical PVA concentration required for uniform fiber 

formation.  

2.4.2 Time Dependent Rheology and Electrospinnability 

The transformation in fiber morphology suggests that significant rheological changes 

occur during the electrospinning process.  To examine this issue, dynamic rheological 

properties of the PVA/H2O/GA/HCl solutions were monitored as a function of time in 

parallel with the electrospinning process.  Figure 2.3 shows the complex viscosity, viscous 

modulus and elastic modulus for a typical solution undergoing in situ crosslinking in the 

rheometer.  We find that PVA with either GA or HCl alone exhibits no time dependent 

behavior. However, PVA sample containing both GA and HCl undergoes substantial change 

in rheological behavior, with the system starting out with G’’<G’ and then converting to a 
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more elastic system with G’>G’’. Please note that we did not monitor changes in the 

frequency spectrum with time using the multiwave technique because it was difficult to find 

a meaningful frequency strain combination in the linear regime, and our focus had not been 

establishing the gel point [67, 86-89]. The latter is an interesting issue in terms of its relation 

to electrospinning with in situ crosslinking, and will be the subject of future endeavors.   

 
 

 

Figure 2.3 Time dependent rheology of PVA/GA/HCl solutions measured at a frequency 
of 10 rad/s and stress of 1 Pa.  (a) Complex viscosity (η* ), (b) viscous (G’’) and elastic 
(G’) moduli, and (c) phase angle (δ) as functions of time during in situ crosslinking, 
shown for a representative sample (7 wt. % PVA, 90:1 mol: mol ratio of GA:HCl, 10:1 
vol:vol ratio GA:HCl).  
 

 
 
The viscoelastic changes observed in Figure 2.3 together with the transitions in fiber 

morphology noticed between as-spun and crosslinked nanofibers (Figure 2.2) suggest that 

there are specific windows of time during in situ crosslinking in which Region II and Region 

III solutions (cf. Figure 2.2) can successfully electrospin to produce uniform fibers.  

Measuring the dynamic rheological properties simultaneously with electrospinning, we 

related the electrospinning window to rheological properties.  We used the phase angle (δ) as 
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an indicator of the electrospinning windows for two representative polymer concentrations in 

the two regimes (Figure 2.2).  As the in situ crosslinking progresses, δ falls from ~90° to 

~10° indicating a change from a Newtonian solution to a viscoelastic material. The shape of 

the delta curve (shown with data arbitrarily from 7 wt. % PVA) is found to be universal for 

all samples.  For a given PVA concentration, production of uniform fibers occurs over a 

constant range of delta values (‘electrospinning window’) that is independent of the 

concentration of GA or HCl.  That is to say, while the time required to reach the critical 

window and the time span of the electrospinning window changes as functions of GA and 

HCl concentration, the values of δ that results in an electrospinnable solution remain constant 

and are a convenient parameter to monitor electrospinnability.  For δ > electrospinning 

window, electrospinning results in beaded fibers, while δ < the critical window produces 

flattened fibers.   

For example, by comparing the changes in precursor solution rheology to fiber 

morphology for the Region II solution (PVA = 4 wt. %), we see that as δ falls from 90° to 

45°, the number of bead defects decreases.  Beaded fibers give way to fibers at when δ is 

approximately 25°, and then to flattened fibers as δ drops further to 10°.  A conservative 

estimate for the electrospinning window for Region II solutions is for   45 > δ > 25. For a 

Region III solution (8 wt. % PVA, the uniform fibers transition to large flattened fibers as  δ 

falls to 75°, thus a conservative estimate of the electrospinning window for these solutions is 

δ > 85°.  

It is worthwhile to mention that the window to electrospin Region II solutions occurs 

below δ values of 45°.  Because a δ = 45° can be used as a rough estimate of the gel point of 
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a solution, in certain cases in situ crosslinking is similar to sol-gel electrospinning [77, 90].  

Interestingly, in the case of in situ crosslinking of PVA through the addition of GA and HCl 

to the precursor solution produces uniform fibers from solutions of PVA at 1-1.5 times the 

entanglement concentration thus lowering the critical electrospinning concentration by 2-2.5 

fold. Because lower concentrations of in situ crosslinked PVA compared to pure PVA can 

form uniform fibers, smaller PVA fibers can be produced, leading to increased specific 

surface area. 

2.4.3 Effects of Crosslinker (GA) and Catalyst (HCl) 

Because the kinetics of the crosslinking reaction are known to be a function of 

polymer, crosslinker, and catalyst concentrations [54], we manipulated the range of the 

electrospinning windows by varying the crosslinker (GA) concentration as well as the 

catalyst (HCl) concentrations for a constant PVA concentration (Region III).  By changing 

the mol to mol ratio of GA to PVA from 54:1 to 181: 1, while holding the volume to volume 

ratio of HCl to GA constant (1:10), the window for Region III could be varied from 92 

minutes to 9.5 minutes (Figure 2.4(a)).  By changing the volume to volume ratio of HCl to 

GA from 0.04 to 0.2 while holding the mol to mol ratio of GA to PVA constant (90:1), the 

electrospinning window for Region III solution ranged between 210 and 17 minutes (Figure 

2.4(b)). Note that the δ range is same for all cases as it set by the polymer concentration.  



32 
 

 

 
 

Figure 2.4 Electrospinning window shown in terms of δ (arrows) for two PVA solutions.  
The shape of the δ curve, from an arbitrary sample, was found to be universal; values 
of δ are used to predict electrospinnability for a given PVA concentration independent 
of GA and HCl concentrations.  The time ranges of the electrospinning window based 
on the values of δ are also shown; however, the time at which the delta values occur are 
not the same for the two samples. 
 
 
 

When we change the HCl concentration only while holding all other concentrations 

constant by changing the volume to volume ratio of HCl:GA while holding the mol to mol 

ratio of the GA: PVA constant, the range of the electrospinning window is inversely 
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proportional to the square of the HCl concentration (Figure 2.5(b)).  However, when the mol 

to mol ratio of GA:PVA is varied while holding the volume to volume ratio of HCl:GA 

constant, both the concentration of GA and HCl are changing.  In the case where the catalyst 

(HCl) and the crosslinker (GA) concentrations are both changing (Figure 2.5(a)), we observe 

that the scaling of the electrospinning window remains approximately the same    (-2) as the 

case where only the HCl concentration was changed.  These data imply that the range of the 

electrospinning window has little dependence on GA concentration but changes with the 

square of the HCl concentration.  The result is similar to previous studies that examined the 

kinetics of the crosslinking reaction between GA and PVA using H2SO4 as a catalyst in a 

solution cast film where Kim et al. report a first order dependence on H2SO4 concentration.  

The authors also report a first order dependence on GA concentration, whereas we see an 

approximate zero-order dependence when using the range of the electrospinning window as a 

measure of reaction kinetics [54].  This result indicates that the in situ crosslinking reaction is 

done with a large excess of GA; therefore, the reaction kinetics are not strong functions of 

GA concentration at the levels used.  Although there is some arbitrariness in the choice of δ, 

our results show that for a chosen window the time range can be manipulated using the 

kinetics. 
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Figure 2.5 Manipulation of the electrospinning window: log-log plots of the range of the 
electrospinning window vs. GA concentration and HCl concentration for solutions 
above the critical concentration required to electrospin pure PVA (Region III). 
 
 
 
2.4.4 Effect of Soaking on Fiber Morphology 

Maintaining the fiber morphology is important for applications where high surface 

area-to-mass ratios are considered advantageous. In specific cases, we were able to 
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successfully crosslink PVA during the electrospinning process, as the fiber morphology 

could be maintained after soaking in water. This is illustrated for a sample containing 7 wt.% 

PVA in Figure 2.6. The average fiber diameter is not affected by in situ crosslinking PVA 

(254 ± 68 nm) compared to PVA only (233±29 nm).  Further, the size is not significantly 

affected by soaking in water (228 ± 66 nm).  We speculate that the in situ crosslinked fibers 

show a wider distribution, indicated by the increased standard deviation, due to the 

constantly changing viscosity of the electrospinning sample.  

 
 

  

 
Figure 2.6 SEM micrographs and fiber size distributions of electrospun PVA, in situ 
crosslinked PVA, and in situ crosslinked PVA, soaked in water (7 wt.% PVA, 90:1 
mol:mol ratio GA:HCl, 10:1 vol:vol ratio GA:HCl determined by measuring 100 fibers. 
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The in situ crosslinked PVA also had a glass transition temperature of 85.3 ± 0.9°C 

(average of three measurements ± standard deviation), higher than electrospun samples of 

PVA only with a glass transition temperature of 70.2±0.5°C (Figure 2.7).  The change in 

glass transition temperature is comparable to previous reports for crosslinked PVA [84].  

FTIR analyses of the crosslinked sample (Figure 2.8) shows a decrease in absorbance at 

~3315 cm-1 relative to the absorbance at ~1097 cm-1 due to the crosslinking reaction in which 

the hydroxyl groups react with aldehyde groups to form ether linkages [40, 83].  The ratio of 

the peak height of the absorbance at ~1097 cm-1 to the absorbance at ~3315 cm-1 for the 

crosslinked sample is ~17% higher than the PVA sample, further evidence of the in situ 

crosslinking reaction. 

 
 

 
 
Figure 2.7 DSC scans of PVA and in situ crosslinked PVA fibers (only the second 
heating scan, used to determine the glass transition temperature, is shown).  
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Figure 2.8 FTIR spectra of PVA and in situ crosslinked PVA at room temperature.  
 
 
 
We observed that the morphology after soaking was affected by the GA and HCl 

concentrations in the electrospinning solution.  Examining 7 wt. % PVA solutions (Region 

III), there were critical GA and HCl concentrations required to maintain fiber morphology 

after soaking in water.  SEM images of 7 wt. % PVA with a 10:1 volume of GA to volume of 

HCl, with various concentrations of GA before and after soaking are shown in Figure 2.9.  

Below a mol of GA to mol of PVA ratio of 27:1, all electrospun material dissolves when 

soaked in water.  Between a ratio of 36:1 and 90:1, the PVA is crosslinked but the fibers fuse 

when soaked in water and the fiber morphology is not maintained.  At a ratio of 90:1, the 

fiber morphology is maintained after soaking in water, but above a ratio of 90:1 some 

swelling occurs.  
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Figure 2.9 SEM micrographs of in situ crosslinked PVA with varying GA concentration 
before and after soaking in water. 
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SEM images of 7 wt. % PVA with a 90:1 mol GA to mol PVA ratio, with various 

concentrations of HCl before and after soaking are shown in Figure 2.10.  Below a volume 

GA to volume of HCl ratio of 50:1, the PVA was not affected by the addition of GA within 

the time frame examined and was not crosslinked, and thus the electrospun material 

dissolved when soaked in water.  Above a ratio of 25:1 but below 10:1, the PVA crosslinked 

but the fiber morphology was not maintained after soaking in water.  With a ratio of 10:1, the 

PVA was successfully crosslinked and the fiber morphology was maintained after soaking in 

water.  While the PVA crosslinked with ratios above 10:1, the fibers swelled significantly 

when soaked in water. 
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Figure 2.10 SEM micrographs of in situ crosslinked PVA with varying GA 
concentration before and after soaking in water. 
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The effective molecular weight of PVA increases due to changes in polymer 

entanglement arising from intermolecular crosslinking during the electrospinning process, 

leading to larger fibers with flattened morphology.  However, flattened fibers do not appear 

to crosslink consistently, which suggests there may be an upper limit to the fiber size and 

molecular weight that can be crosslinked in situ.  Above the critical GA and HCl 

concentration, the onset of the flattened fiber morphology due to the increase in entanglement 

and thus polymer molecular weight occurs quickly relative to the time it takes to sufficiently 

crosslink the electrospun fibers.  The resulting fibers thus lose their morphology when 

exposed to water. However, at the critical GA and HCl concentrations, in the length of the 

electrospinning window, there is a fine balance between increasing molecular weight and 

entanglement of PVA and sufficient crosslinking to maintain fiber morphology. 

Electrospun fibers from Region II were also examined before and after soaking 

(Figure 2.11) and a mol PVA to mol GA ratio of 90:1 was not sufficient to successfully 

crosslink the PVA so that the fiber morphology was maintained in water.  With higher 

concentration of GA, the fiber morphology after soaking could be improved but not 

maintained as the fibers swell significantly after soaking in water (Figure 2.11).  It appears 

that in the time it takes to electrospin, the GA present in Region II solutions crosslinked in 

situ is only sufficient to increase entanglement to eliminate beads and allow for production of 

uniform fibers.  However, the GA present is not sufficient to successfully crosslink those 

fibers such that the fiber morphology is maintained after soaking in water.   
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Figure 2.11 SEM micrographs of (A) pure 4 wt. % PVA (Region II), (B) in situ 
crosslinked 4 wt. % PVA when δ was 25, (C) 4 wt. % PVA with a mol PVA to mol GA 
ratio of 90:1 in situ crosslinked and soaked and (D) 4 wt. % PVA with a mol to mol 
PVA to mol GA ratio of 180:1 in situ crosslinked and soaked.  
 
 
 

Because lower concentrations of in situ crosslinked PVA compared to PVA only can 

form uniform fibers, smaller PVA fibers can be produced.  For example, 7 wt. %  pure PVA 

(Region III)  has an average fiber diameter of 233 ± 29 nm whereas 4 wt. % pure PVA 

(Region II) forms beaded fibers.  When 4 wt. % PVA is crosslinked in situ, at the end of the 

electrospinning window, the average fiber diameter of 178 ± 29 nm.   The 25% reduction in 

fiber diameter increases surface area by 4 fold.  The smaller in situ crosslinked 4 wt. % PVA 
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would have to be further crosslinked in a post-electrospinning step to maintain fiber 

morphology when soaked in water.   

2.5 Conclusions 

We have incorporated a chemical crosslinker and catalyst to PVA solutions to 

perform in situ crosslinking of nanofibers with a basic electrospinning setup. The 

crosslinking reaction causes significant changes in solution rheology and fiber morphology.  

As the solution viscosity increases, molecular entanglement increases as fibers can transition 

from beaded fibers to uniform fibers to flat fibers.  The window for obtaining uniform fibers 

was identified by simultaneously measuring dynamic rheological properties and 

electrospinning, and the range of the window could be manipulated by varying the molar 

ratio of PVA to GA and the volume ratio of GA to HCl.  The transition from beaded fibers to 

uniform fibers lowers the critical PVA concentration required to electrospin from 2-2.5x the 

entanglement concentration for pure PVA solutions to ~1-1.5x the entanglement 

concentration for PVA/H2O/GA/HCl solutions. In situ crosslinking also yield insoluble fibers 

whose morphology can be maintained after soaking in water.  Critical GA and HCl 

concentrations were observed for crosslinking and maintaining fiber morphology.   
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Chapter 3 Effect of pH on Protein Distribution in Electrospun 
PVA/BSA composite Nanofibersii 

 3.1 Abstract  

 We examine the protein distribution within an electrospun polymer nanofiber using 

polyvinyl alcohol and bovine serum albumin as a model system.  We hypothesize that the 

location of the protein within the nanofiber can be controlled by carefully selecting the pH 

and the applied polarity of the electric field since the pH affect the net charge on the proteins.  

Using fluorescently-labeled BSA and surface analysis, we observe that the distribution of 

BSA is affected by the pH of the electrospinning solution.  Therefore, we further probe the 

relevant forces on the protein in solution during electrospinning. The role of the 

hydrodynamic friction was assessed using glutaraldehyde and HCl as a tool to modify the 

viscosity of the solution during electrospinning.  By varying the pH and the polarity of the 

applied electric field, we evaluated the effects of electrostatic forces and dielectrophoresis on 

the protein during fiber formation.  We surmise that electrostatic forces and hydrodynamic 

friction are insignificant relative to dielectrophoretic forces; therefore, it is possible to 

separate species in a blend using polarizability contrast.  A coaxial distribution of protein in 

the core can be obtained by electrospinning at the isoelectric point of the protein, whereas 

surface enrichment can be obtained when the protein carries a net charge.  

                                                 
ii The material in this chapter has been published as: Tang, C.; Ozcam, A.E..; Stout, B.; Khan, 
S.A..  Effect of pH on Protein Distribution in Electrospun PVA/BSA Composite Nanofibers.  
Biomacromolecules 2012, 13, 1269-1278. 
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3.2 Introduction 

Electrospinning is a simple technique used to generate nanofibrous membranes and 

nanofiber composites [24-26, 57-61]. It involves the application of a high voltage (1-30 kV) 

to induce the formation of a liquid jet of polymer solution or melt.  The electrified jet 

undergoes stretching and whipping resulting in a long and thin fiber. As the liquid jet is 

continuously extended and the solvent evaporates, there is a significant reduction in the 

diameter of the jet from several hundred micrometers to as low as tens of nanometers. 

Eventually, the charged fiber is deposited onto the grounded collector plate as a random, non-

woven mat of nanofibers.  The materials produced using this method have exceptional 

specific surface area and may be of use in a broad range of applications.   

In particular, there is increasing interest in protein and protein/polymer composite 

nanofibers.  A number of proteins including bovine serum albumin (BSA), green fluorescent 

protein, casein, silk, gelatin, lysozyme, cytochrome C, and eggshell membrane protein have 

been incorporated into electrospun fibers. Generally, proteins must be co-electrospun or 

coaxially electrospun with an electrospinnable polymer such as polyvinyl alcohol (PVA) or 

poly(ethylene oxide) (PEO).  Additionally, protein nanofibers, namely BSA and zein, have 

been electrospun [19, 22, 23, 33, 91-101]. 

Such materials are being studied for applications such as tissue engineering, wound 

healing, drug delivery, and biosensors [102-106].  Depending on the application, the 

distribution of the protein could greatly affect the performance of the material.  For example, 

in blends used for controlled release, the protein has been placed in the core of the fiber [107, 

108].  However, in other applications, such a biosensors and catalysis, protein on the surface 
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of the fiber is desired [109-112].  Therefore, considerable efforts have been invested in 

controlling the distribution of the protein within the fiber, using coaxial electrospinning [27, 

113-118] among other approaches.  Alternative methods of surface segregation of a 

homopolymer or functional species within a polymer blend have been achieved by 

considering surface energy, electric field or phase separation [120-123].  Recently, Sun et al. 

have reported using a polarizability contrast to functionalize the surface of electrospun fibers 

with a peptide segment.  The authors found that a PEO block coupled to a model 

oligopeptide is preferentially driven to the surface during electrospinning of PEO-

oligopeptide/PEO and PEO-ologiopeptide/PMMA fibers [122, 123].  However, these initial 

studies are limited to negatively charged peptides.  The application of this technique to 

protein/polymer systems has yet to be established.  In this study, we determine how the 

distribution of protein in a blend fiber is affected during electrospinning by parameters such 

as solution viscosity, solution pH, and applied polarity of the electric field. 

We explore the effect of pH on electrospinning PVA/BSA blends.  Since pH affects 

the net charge on the protein, we suspect that my carefully choosing the pH of the solution 

and the applied polarity, the distribution of the protein within the fiber may be modulated.  

We used glutaraldehyde as a tool to examine the effect of the electrospinning solution 

viscosity and determine the importance of hydrodynamic friction.  By comparing pHs above 

and below the isoelectric point of BSA and varying the polarity of the applied voltage 

utilized during electrospinning, we were able to evaluate the relative roles of 

dielectrophoresis and electrostatic forces.  Based on the insight gained, we report the 
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production of a coaxial distribution with protein in the core can be obtained during 

electrospinning of a blend by carefully selecting the pH of the electrospinning solution. 

3.3 Experimental Section 

3.3.1 Materials 

Polyvinyl alcohol (PVA) (average molecular weight 205,000 g/mol, 88% 

hydrolyzed), hydrochloric acid (HCl) (37% purity), bovine serum albumin (BSA) (A-3059, 

>99%)) and fluorescently labeled FITC-BSA (A-9771) were obtained from Sigma Aldrich 

(St. Louis, MO).  Glutaraldehyde (50% aq.) was received from Alfa Aesar (Ward Hill, MA).  

Tris base and sodium hydroxide from Fisher BioReagents (Fair Lawn, New Jersey) and 

Fisher Scientific (Pittsburgh, PA), respectively was used.  Unconjugated gold colloid (20 nm) 

was obtained from Ted Pella (Redding, CA).  All materials were used as received.   

3.3.2 Electrospinning 

Aqueous PVA solutions were prepared by stirring mixtures of PVA and deionized 

water or 50 mM Tris buffer at pH 8.1 at 60°C until they were homogeneous.  BSA was 

dissolved in Tris buffer, pH 8.1 at room temperature (~25°C) and stored at 4°C until further 

use.  PVA and BSA were combined in appropriate proportions at room temperature and 

stirred briefly.  The amount of PVA used is reported as mass of PVA per mass of total 

solution.  The BSA loading is the mass of BSA per mass of PVA.  In some cases the pH of 

the solutions were adjusted by adding small amounts of HCl and stirring briefly. The pH was 

measured with a Horiba Twin B-213 pH meter. 

To electrospin we used a point-plate configuration as previously described [59] where 

PVA/BSA solution was loaded into a syringe fitted with a stainless steel needle (0.508 mm 
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I.D.) and attached to a power supply (Gamma High Voltage Research, D-ES-30PN/M692).  

A flow rate of 0.5 mL/hour, collecting distance of 15 cm between the tip of the needle and 

the ground collector plate covered with foil and applied voltage of 10-22 kV were used. A 

positive polarity was applied unless otherwise noted. 

3.3.3 Viscosity Modulation 

Addition of glutaraldehyde and HCl increased the viscosity of the solution over the 

time for which it was electrospun.  In this case, the polymer and protein solutions were 

combined and stirred briefly, the HCl was added and the solution was stirred again, and 

finally the GA was added in appropriate portions at room temperature and stirred briefly.  A 

portion of the solution was electrospun and another portion tested rheologically immediately 

after preparation [124]  Electrospun samples were collected for increasing amounts of time, 

and then further characterized. 

3.3.4 Rheological Measurements 

The zero-shear viscosity of PVA solutions was measured at 25°C using a TA 

instruments AR-G2 Rheometer using a 40 mm diameter, 2° cone and plate geometry. 

Dynamic oscillatory shear experiments were also performed on selected samples as a 

function of time at 25°C using the same rheometer and configuration. A frequency of 10 

radians/second and a stress of 1 Pa were used for all experiments, because it was within the 

linear viscoelastic region of the solutions.  Measurements of the elastic (G’) and viscous 

(G’’) modulus along with loss tangent tan δ (=G’’/G’) in which δ corresponds to the phase 

shift, were taken every 30-60 seconds for up to 24 hours [124].  The measurements were 
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stopped with the value of δ fell below 15° so that the relevant part of the rheology curve was 

captured, i.e., time required to reach the “gel point” [124].  

3.3.5 Sample Characterization  

To examine the fiber morphology, samples were sputter coated with a ~10 nm layer 

of gold and analyzed with a scanning electron microscope (SEM, FEI XL-30) at 5 kV.  The 

average fiber size and standard deviation were determined by measuring the diameter of 100 

fibers using ImageJ software.  Fibers containing FITC-BSA were imaged with an Olympus 

BX-61 optical microscope equipped with transmitted- and fluorescence-mode and recorded 

using an Olympus DP-70 digital CCD camera.  

Infrared spectra (4,000-400 cm-1) of PVA and PVA/BSA composite samples were 

measured with a Nicolet 6700 FTIR spectroscope (Thermo Electron Corporation).  The 

surface chemical composition of PVA and PVA/BSA composite samples was determined 

utilizing XPS with a Kratos Axis Ultra DLD XPS instrument using monochromated Al Kα 

radiation with charge neutralization.  Survey and high-resolution spectra were collected with 

pass energies of 80 and 20 eV, respectively using both electrostatic and magnetic lenses.  

XPS of fibers produced at different pHs and applied polarities were obtained.  In the cases 

where GA and HCl were added to increase the viscosity, samples collected over increasing 

amounts of time were also evaluated. 

3.3.6 Gold Nanoparticle Assay for Protein Visualization on Surfaces 

To qualitatively visualize the amount of protein on the surface of fibers, we adsorbed 

20nm colloidal gold particles to chemically crosslinked blend fibers.  In this method, 1” 

squares of electrospun samples were cut and placed in a solution containing 5 vol.% 
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glutaraldehyde and 0.12 vol.% HCl in acetone based on previously established methods [23, 

34].  PVA/BSA solutions were electrospun for 2 hours, crosslinked using GA in acetone with 

HCl as a catalyst at ambient conditions for 2 hours.  We then washed the crosslinked fibers 

thrice in deionized water for 5 minutes, then soaked in water for 3 hours and dried at ambient 

conditions.  Next, the crosslinked samples were submerged in colloidal gold for 48 hours at 

4°C.  Due to its length, we chose to perform this step at the storage temperature of the protein 

and the gold colloid (4°C) to avoid potential denaturing of the protein that could occur over 

48 hours at room temperature.  The samples were removed and washed thrice in water for 5 

minutes, then soaked in water for 3 hours and dried at ambient conditions before further 

analyzed using SEM.  From SEM micrographs, the amount of gold in each sample was 

quantified by particle density.  To determine the particle density, the number of particles 

within a 240x290 nm2 rectangle was manual counted.   Measurements were performed 100 

times per micrograph using ImageJ software.  The statistical significance of the difference in 

the particle density of different samples was established with a t test (α = 0.05) [61, 125]. 

3.4 Results and Discussion 

3.4.1 PVA/BSA Composite Nanofibers 

We begin by investigating the effect of the addition of BSA on the electrospinnability 

of PVA.  We correlate solution dynamics with the resulting morphology of the electrospun 

material as shown in Figure 3.1.  The solution viscosity, a measure of polymer entanglement, 

can be used to predict fiber formation of electrospinnable polymers [65, 66].  Common fiber 

morphologies, i.e., beaded fibers and uniform fibers, have been correlated with different 

polymer concentration regions [66]. Figure 3.1 shows the normalized zero shear viscosity of 
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PVA/BSA solutions as a function of PVA concentration where the BSA loading is held 

constant at 50% (per weight of PVA). For PVA/BSA blends, below 2 wt. % PVA, we find 

that ηsp ~ c1.3 (where ηsp is the specific viscosity and c is the PVA concentration), consistent 

with the theoretical prediction for semidilute, nonentangled solutions of a neutral polymer in 

a good solvent [66, 82, 85]. Above 3 wt. % PVA, ηsp ~ c3.8, characteristic of semidilute 

entangled solutions [66, 82, 85]. The entanglement concentration is 2.5 wt. % PVA, as 

indicated by the change in slope in the ηsp vs. c plot (Figure 3.1) [66].  As shown by the SEM 

micrographs in Figure 3.1, semidilute non-entangled solutions produce discontinuous beaded 

structures and large droplets; semidilute, entangled solutions produce beaded fibers with 

increased uniformity when qualitatively compared to non-entangled solutions; concentrations 

above 6 wt. % PVA (Cc, critical concentration) produce uniform fibers.  The critical 

concentration to spin PVA is 6.0 wt. %, which is 2.5 times greater than the entanglement 

molecular weight concentration of 2.4 wt. % (Figure 3.1), which agrees well with previous 

studies [65, 66].   
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Figure 3.1 Correlating morphology of electrospun mats with rheological solution 
properties for PVA/BSA solutions: a log-log plot of specific viscosity versus 
concentration for solutions of PVA and PVA with 50% BSA loading and SEM images 
of characteristic fiber morphologies. 
 
 
 
The presence of BSA (up to 50% loading) does not appear to affect the PVA entanglement 

required for electrospinning.  The addition of the BSA slightly increased the concentration 

dependence of the specific viscosity in the semidilute entangled regime from 3.5 for PVA to 

4.0 for PVA with BSA.  The increase in this case may indicate that at the protein loading 

used, PVA and protein interact, which has been previously reported and attributed to polar 

interactions [23].  Most importantly, despite PVA/BSA interactions, the presence of the 

protein does not affect the polymer entanglement necessary for electrospinning; therefore, the 

electrospinnability of the blends was dictated by PVA entanglement.  We note that the fiber 
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size increased from 196 nm ± 25 nm for PVA fibers to 331 nm ± 32 nm with 50% BSA 

loading.  The increase in fiber size was directly proportional to protein loading (Figure 3.2). 

 

Figure 3.2 Effect of BSA loading on fiber size. 
 
 
 
We further examined the PVA/BSA blend fibers with FTIR for indication of the 

presence of the protein in the fibers (Figure 3.3).  Upon addition of BSA, we note broad 

peaks between 1500 and 1700 cm-1, and the intensities of the peaks increase with increasing 

BSA concentration.   These peaks likely correspond to the amide I band and amide Π band at 

1632 cm-1and 1536 cm-1, respectively, of peptide bonds characteristic of BSA.  Additionally, 

we observe a shift in the peak between 3100 and 3500 cm-1 toward 3100 cm-1.  The degree to 

which the peak is shifted increases with increasing BSA concentration.  These results agree 

with previous reports of PVA/protein blend films using soy protein isolate [126].    
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Figure 3.3 FTIR spectra of PVA and PVA/BSA composite fibers as-spun at room 
temperature. 
 
 
 
3.4.2 Effect of pH 

 We hypothesized that we could utilize the electrostatic force on a protein carrying a 

net charge and modulate the distribution of the protein within the fiber by changing the pH of 

the electrospinning solution as well as the applied polarity of the electric field.  At the 

isoelectric point of BSA (pH 4.7-5.2) there is no net charge on the protein whereas above the 

isoelectric point the protein should carry a net negative charge.  If we apply a positive 

polarity we would expect the negatively charged protein to be attracted to the surface of the 

fiber when compared to the case in which the protein carried no net charge.    To initially test 

our hypothesis, we electrospun solutions PVA and fluorescently labeled BSA at a pH above 
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the isoelectric point and at the isoelectric point.  In both cases, a positive polarity was 

applied.  We examined the resulting as-spun fibers with fluorescence microscopy to 

determine if we could discern a difference in the distribution of the protein within the fiber in 

these two cases.  We electrospun fibers containing FITC-BSA directly onto glass microscopy 

slides and observed the dry as-spun fibers.  As a negative control, we examine PVA only 

fibers under fluorescence at the same conditions to account for background fluorescence.  

Figure 3.4 shows protein loaded nanofibers at various pHs using FITC labeled BSA.  We 

also note that at a pH (Figure 3.4(d)) close to the isoelectric point, we observe some clusters 

of protein, likely due to protein aggregation.  At higher pH (Figure 3.4(f)), we do not observe 

such collections of protein.  Interestingly, despite using the same FITC-BSA loading, the 

fluorescence of fibers produced from a solution of pH 8 (Figure 3.4(f)) appears more intense 

than that of fibers produced from a solution adjusted to the isoelectric point (Figure 3.4(d)).  

Based on the observed differences using fluorescence microscopy, we suspect that the net 

charge on the protein molecules affects its distribution within the fiber.  For example, one 

contributing factor to the difference in intensity at the different pHs may be that at pH 8 there 

may be more protein on the surface of the fibers.  However, given the size scale of the fibers 

the information available using optical microscopy techniques is limited.  To further 

investigate the protein distribution within the fiber we examined the protein content on the 

surface of the fibers.   
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Figure 3.4 Optical and fluorescence microscopy images of 7 wt.% PVA (a) and (b), 
0.3% BSA-FITC loading adjusted to pH 5.0 (pI) (c) and (d), and 0.3% BSA-FITC 
loading adjusted to pH 8.6 (e) and (f), respectively. 
 
 
 

In the next set of experiments we attempt to visualize the amount of protein on the 

surface of the electrospun fibers using SEM as electron microscopy offers higher spatial 

resolution when compared to optical microscopy.  Since fluorescence cannot be used to 

identify protein on the surface of the fibers, we attempted to use gold nanoparticles to 

visualize the presence of protein on the surface of the electrospun fibers using SEM.  The 

principle of this method is based on the well-established interactions between proteins and 

colloidal gold.  Binding between colloidal gold and proteins, and more specifically with 

BSA, has been previously reported [127, 128]. Often proteins are bound to gold surfaces 

presumably by electrostatic interactions for applications in biosensors [129, 130]. Herein, we 

use gold to qualitatively assess the surface of PVA/BSA composite fibers.  We electrospun 
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PVA/BSA blends and then chemically crosslinked the fibers so that the fibers would be 

insoluble in colloidal gold.  By soaking the crosslinked nanofibers in colloidal gold, the gold 

nanoparticles bind to the protein present on the surface fibers.  We then used SEM to 

visualize the gold and by proxy the protein on the surface of the fibers.   

To assess this approach, we began by simply varying the protein loading.  As 

expected, the amount of gold appears to increase with BSA loading (representative SEM 

micrographs are shown in Figure 3.5(a)-(c)).  The density of particles on the nanofibers 

increased with increasing BSA loading, as expected.  Next, we held the BSA loading 

constant at 30 wt.% and varied the pH (Figure 3.5(d)-(f)).  When the pH was adjusted to the 

pI of the protein, little gold is observed on the surface.  In this case, the particle density was 

not significantly different that the non-specific binding observed when using PVA only fibers 

as a negative control.  When the pH is adjusted to above the pI of the protein, we do observe 

gold on the surface.  Results from this assay further suggest that a coaxial fiber with protein 

in the core is obtained if the pH of the electrospinning solution is adjusted to the isoelectric 

point of the protein.  However, to further confirm this we also use XPS discussed in later 

sections.   
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Figure 3.5 SEM micrographs showing results of a qualitative gold nanoparticle assay of 
protein concentration on the surface of crosslinked (5 vol.% glutaraldehyde, 0.12 vol.% 
HCl in acetone) PVA nanofibers (a) 7 wt.% PVA, (b) 7 wt.% PVA with 12% BSA 
loading, (c) 7 wt. % PVA with 50% BSA loading, (d) 7 wt.% PVA, 30% BSA loading 
unadjusted pH, (e) 7 wt.% PVA, 30% BSA loading pH = 5.2 (~pI), and (f) 7 wt.% PVA, 
30% BSA loading, pH = 7.5.  Particle counts for each sample are also shown, * indicates 
statistically different from the negative control of PVA only (t test, α = 0.05). 
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3.4.3 Protein Distribution 

Since we do observe that pH can affect the distribution of the protein within the fiber, 

we next aim to determine if we can control the protein distribution by carefully choosing the 

net charge on the protein (pH of the electrospinning solution) and the applied polarity.  

Therefore, we now further probe the relevant forces on the macromolecules in solution 

during electrospinning with a particular interest in the protein molecule.  We first discuss 

theoretical considerations with simplifications before discussing the experiments results.  

During electrospinning, a static, non-uniform electric field is applied to a droplet of a 

solution.  Therefore the forces on a single macromolecule in solution may include: (1) 

electrostatic Coulomb force from an external electric field on a non-zero charged molecule, 

(2) dielectrophoretic forces due to induced dipole moments in a non-uniform field due to 

polarizability and (3) a viscous drag force from hydrodynamic friction.  Since we electrospin 

under ambient conditions, we neglect Brownian motion.  We also assume the effect of 

gravity is negligible since the macromolecules are less than 1 micron in radius [131-133]. 

Previous work has developed a model for the DC electric field with a positive applied 

polarity in a point source to plate electrospinning set up like the one used in our experiments.  

Results indicate that the highest electric field occurs at the edge of the tip.  Further, the 

average electric field outside the Taylor cone is much higher than the interior which leads to 

a very high electric field gradient, which may cause dielectrophoresis on the polarizable 

molecules close to the inner surface of the Taylor cone.   Based on the model developed, the 

Taylor cone area is the most important spot where movement of the polarizable particles 
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occurs.  Therefore we consider the forces on the macromolecules in the system within the 

Taylor cone [131].  

In the case of a protein that carries a net positive or negative charge (i.e. at a pH 

above or below the isoelectric point of the protein), the distribution of the protein within the 

Taylor cone during electrospinning may be affected by the applied polarity of the electric 

field.  The applied polarity will affect the charge build up within the Taylor cone, and 

electrostatic forces on a protein carrying a net charge may cause the charged species to be 

attracted or repelled from the surface of the Taylor cone based on electrostatic forces, which 

may influence the distribution of the protein within the final fiber.  For example, if the 

distribution of the protein can be affected by electrostatic forces when a positive polarity is 

used during electrospinning, and the protein carries a net negative charge, we may expect the 

protein to be attracted the surface of the Taylor cone and thus the fiber.  However, if the 

protein carries a net positive charge we may expect the protein to be repelled from the 

surface of the Taylor cone resulting in the protein in the core of a core/shell fiber.  The force 

on a single macromolecule in solution will include an electrostatic Coulomb force: 

 

where Q is the total charge on the particle surface, σq is the surface charge density and E is 

the external electric field strength.  The direction of the particle motion will also depend on 

the charge sign and electric field vector.  If the particle is neutral with no net charge, there 

will be no movement [131-133]. 
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Further, since a static, non-uniform electric field is applied to a droplet of a solution 

during electrospinning and we expect the protein to have a very high polarizability, the force 

on a single macromolecule in polymer solution will also include dielectrophoretic forces due 

to induced dipole moments in a non-uniform field.  The charge density on the inside of the 

macromolecule relative to the surrounding medium will depend on their relative 

permittivities.  Macromolecules with a higher polarizability than the fluid medium undergo 

movement toward the electric field region of the strongest intensity.  The average dipole 

moment induced is considered proportional to the vicinity electric field.  The polarization is 

the dipole moment per unit volume (p).  The force due to dielectrophoresis is the product of 

the dipole moment and the electric field gradient. 

 

In the case of a DC field, as in the case of electrospinning  

 

where v is the volume of the particle, and εm and εp are the permittivity of the fluid medium 

and particle respectively.  The force due to dielectrophoresis increases with the electric field, 

electric field gradient as well as the polarizability of the particle [131-133]. 

Additionally, we consider the drag force on the macromolecule in solution due to 

hydrodynamic friction.  The drag force is proportional to the friction factor and the relative 

velocity of the macromolecule with respect to the surrounding fluid media.   Approximating 

the macromolecules in solution as spheres, the friction factor is directly proportional to the 

viscosity of the fluid and radius of the particle.  Thus, at high solution viscosities, the drag 
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force will be large, and may prevent the ability of the macromolecule to migrate during 

electrospinning.   

 

where f is the friction factor, and the fluid medium is assumed to move a constant velocity u 

and v is the velocity of the particle.  For spherical particles 

 

where a is the radius of the spherical particle, and η is the viscosity of the fluid medium [131-

133]. 

Another important consideration is if the time scale of electrospinning is sufficient to 

allow for the macromolecules to migrate within the Taylor cone so that the distribution of the 

protein within the final fiber is effectively modulated.  The velocity of a macromolecule in 

solution can be estimated by product of the electrophoresis mobility and the electric field 

strength.  For spherical particles, this mobility is proportional to the permittivity and 

inversely proportional to the viscosity of the fluid medium.  The steady state velocity of a 

neutral macromolecule  

 

is thus proportional to the electric field, the electric field gradient, the polarizability of the 

particle and inversely proportional to the viscosity. This velocity will have the same vectorial 

direction as the electric field that is perpendicular to the interface [131-133]. 
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3.4.4 Hydrodynamic Friction 

 We first address the role of hydrodynamic friction. Our aim was to ensure that the 

drag force due to hydrodynamic friction did not prevent the macromolecules from migrating 

due to the influences of electrostatic forces or dielectrophoresis within the Taylor cone.  

Further, we wanted to establish that the time scale of electrospinning was sufficient to 

accommodate sufficient movement due to electrostatic forces and dielectricphoresis to allow 

for modulation of the protein distribution.  Initial indications using fluorescence microscopy 

and the visualization of gold nanoparticles indicates that drag force due to viscosity would 

not necessarily prevent a charged protein from migrating to the surface of the fiber.  To 

further investigate the role of hydrodynamic friction we devised an experiment in which the 

viscosity of the solution is changing during electrospinning.  By monitoring any changes in 

surface concentration in parallel with the changes in solution viscosity, we may better 

understand the role of hydrodynamic friction.   

In these experiments, we use the addition of GA and HCl as a tool to modulate the 

viscosity of the solution during electrospinning.  The addition of glutaraldehyde and HCl to a 

PVA solution immediately prior to electrospinning leads to significant changes in the 

rheological properties during electrospinning due to crosslinking of PVA [124].  Thus, 

dynamic rheological properties of the PVA/BSA/H2O/GA/HCl solutions were monitored as a 

function of time in parallel with the electrospinning process.  Representative profiles of the 

complex viscosity, viscous modulus, elastic modulus and delta (a measure of the viscous 

modulus to the elastic modulus) immediately after the addition of GA and HCl to either PVA 

or a PVA/BSA blend are shown in Figure 3.6.  We note that in the time scale shown in 
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Figure 3.6, the PVA and PVA/BSA samples do not undergo any changes in rheological 

properties without the addition of both the GA and HCl (data not shown).  With the addition 

of GA and HCl, the systems start out with G’<G’’ and then become more elastic where 

G’>G’’.  When the reaction begins both G’ and G’’ increase, but in the same proportion so δ 

remains constant (~90°).  Later, the elastic modulus (G’) increases more relative to the 

increase in the viscous modulus, leading to a decrease in δ.  The presence of protein slowed 

the changes in rheological properties as the onset of the decrease in δ is delayed.  The 

magnitude of the delay (as measured by the time to reach δ = 45°) increases with BSA 

loading (Figure 3.6c).  The measurements were stopped with the value of δ fell below 15° so 

that the relevant part of the rheology curve was captured, i.e., time required to reach the “gel 

point” [124].  The delay may be attributed to glutaraldehyde interactions between protein 

molecules or between protein and polymer, presumably through crosslinking of the ε-amino 

group of lysyl residues usually on the surface of the protein [23, 134].  However, the 

chemical nature of the reaction between glutaraldehyde and protein is not clearly understood 

and multiple mechanisms may be involved [134].  Because the GA in the system reacts with 

the protein, reactions between GA and PVA occur less frequently, thus the change in δ is 

delayed.  
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Figure 3.6 Time dependent rheology PVA or PVA/BSA solutions after the addition of 
GA and HCl to either sample of PVA/GA/HCl solutions.  Complex viscosity (η*) and 
phase angle (δ) evolution with time and viscous (G’’) and elastic (G’) moduli are shown 
for a representative sample (7 wt. % PVA or 7 wt.% with 2.5% BSA loading, 90:1 mol: 
mol ratio of GA:PVA based on the reported molecular weight of PVA, 10:1 vol:vol ratio 
GA:HCl).  
 
 
 

Despite the changes in the rheological properties of the electrospinning solution, we 

were able to generate uniform PVA/BSA blend fibers, although we do observe some as-spun 

fibers with a flattened morphology.  Flattened fiber morphology suggests an increase in PVA 

molecular entanglement and effective molecular weight due to GA crosslinking.  PVA fibers 

with similar flattened morphology have been observed and are thought to occur at high 

molecular weights, because at these high molecular weights relatively wet fibers are 

deposited on the collector plate due to reduced solvent evaporation and increased viscosity 

and these wet fibers are flattened on impact [37].  

To evaluate the effect of hydrodynamic friction, which will be proportional to 

solution viscosity, we examined the surface concentration of nitrogen as a function of time 

after adding GA and HCl, thereby increasing the solution viscosity, by examining the fiber 

surfaces deposited at various time intervals (Figure 3.7).  Before the viscosity increases, we 

expect surface enrichment to occur due to dielectrophoresis because due to the polarizability 
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of the protein (Figure 3.7).  Additionally since the pH of the solution is below the isoelectric 

point and the protein molecule carries a net charge, electrostatic forces may also play a role.  

Interestingly, despite the viscosity of the solution increasing by over two orders of 

magnitude, there are only small changes in the value of the nitrogen atom surface 

concentration.   From this result we deduce that the relative magnitude of the drag force due 

to hydrodynamic friction is small compared to the forces due to dielectrophoresis and 

electrostatic forces.  If the drag force was on the same order of magnitude as the 

dielectrophoretic force and electrostatic force, as the viscosity increased and the drag force 

increased we would have expected to see a drop in protein concentration on the surface as the 

increased drag force would begin to prevent the protein molecules to migrate to the surface.   

 
 

 
 
Figure 3.7 Changes of nitrogen atom surface concentration as measured by XPS and 
complex viscosity as a function of time after the addition of GA and HCl (7 wt.% PVA, 
30% BSA loading pH 2.7). 
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From this experiment, we can also gain insight regarding if the time scale of 

electrospinning is sufficient to allow for segregation within the Taylor cone.  We expect the 

increase in hydrodynamic friction to reduce the velocity at which the proteins are moving 

within the Taylor cone since the electrophoretic mobility and thus the velocity of the protein 

is inversely proportional to the viscosity [131-133, 135].  If the time scale were a factor, we 

would expect that as the viscosity increased and the velocity decreased the surface 

concentration to drop because the protein molecules would not have sufficient time to 

segregate.  However, we do not observe the drop despite the increase in viscosity and 

subsequent decrease in velocity. Therefore, we infer that the time scale of electrospinning is 

sufficient to facilitate segregation based on either based on electrostatic forces and/or 

dielectrophoresis of the macromolecules in the electrospinning solution during 

electrospinning [131-133].  These data imply that drag force on the macromolecules in the 

Taylor cone due to hydrodynamic friction is small compared to electrostatic and/or 

dielectrophoretic forces. Thus, we may be able to control the protein distribution within an 

electrospun fiber by carefully choosing the pH of the electrospinning solution (and resulting 

net charge on the protein) and the applied electric field. 

In this experiment, to modulate the viscosity the pH of the electrospinning solution 

had to be below the isoelectric point of the BSA and thus BSA was carrying a net charge.  In 

this case, the protein molecules in the Taylor cone were subjected to both electrostatic forces 

and dielectrophoresis due to the polarizability of the protein molecule.  In the next set of 

experiments, we attempt to determine the relative magnitudes of the electrostatic forces and 

dielectrophoretic forces.    
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3.4.5 Electrostatic Forces 

We next examine the role of electrostatic forces on the migration of the species within 

the Taylor cone.  We expanded our experiments to include (1) a pH below the isoelectric 

point resulting in a net positive charge on the protein, (2) a pH at the isoelectric point 

resulting in no net charge on the protein, and (3) above the isoelectric point resulting in a net 

negative charge on the protein and also varied the polarity of the voltage applied during 

electrospinning (positive or negative).  At each pH, we examined samples electrospun while 

applying either a positive polarity or a negative polarity.  We expected that if electrostatic 

forces were dominant, that at a given pH we could force the protein to the surface using one 

applied polarity and by switching the polarity the electric field we could obtain the opposite 

distribution with protein within the core of a coaxial fiber.  For example at pHs above the 

isoelectric point and the protein carries a net negative charge and we applied a positive 

polarity as we did in the initial experiments, the negatively charged protein would be driven 

to the surface of the fiber.  However, if we changed the applied polarity to negative, the 

negatively charged protein would be repelled from the surface of the Taylor cone resulting in 

a coaxial fiber with protein in the core. 

For each pH and applied polarity, we analyzed the elemental composition of the 

surface of the fibers using XPS (Figure 3.8).  When electrospinning at the isoelectric point, 

we do not detect any nitrogen (and thus no protein) on the surface of the fiber.  This result 

suggests a coaxial distribution with protein in the core augmenting the analysis using 

fluorescence microscopy and the gold nanoparticles to visualize the protein on the surface of 

the fiber.  When we compare to the case where the protein carries a net negative charge 
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(above the isoelectric point) we do observe more protein on the surface in the case.  This 

agrees well with the results presented previously using fluorescence microscopy and the gold 

nanoparticles to visualize the protein on the surface of the fiber (Figure 3.4 and Figure 3.5, 

respectively).   

 
 

 

Figure 3.8 Concentration of nitrogen atoms on the surfaces of fibers produced from 7 
wt.% PVA, 30% BSA loading as a function of pH and applied polarity as measured by 
XPS analysis. 
 
 
 

However, when we were using a negatively charged protein and we switched the 

polarity from positive to negative we continue to detect protein on the surface.  We obtained 

a similar result when examining a pH below the isoelectric point and the protein carried a net 

positive charge.  If the protein was charged, we observed protein on the surface of the fibers.  

Most interestingly, despite the charge on the protein the applied polarity did not greatly affect 
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the surface concentration (Figure 3.8).  This result seems to suggest that electrostatic forces 

are not the dominant force on the macromolecules in solution during electrospinning.   

3.4.6 Dielectrophoretic Forces 

Now that we have established that the drag force due to hydrodynamic friction and 

the electrostatic forces, we will focus on dielectrophoresis.  Dielectrophoresis occurs due to 

polarizability of a macromolecule in the presence of a non-uniform electric field.  In 

dielectrophoresis, macromolecules with a higher polarizability than the fluid medium 

undergo movement toward the electric field region of the strongest intensity.  Because we are 

studying a blend system with contains the protein and polymer in solution, we must also 

consider the role of PVA.  Therefore, we next consider the effect of pH on PVA, focusing 

specifically on how pH affects the solution dynamics of PVA. 

We have previously established that solution dynamics of PVA in water (pH~5.5) are 

indicative of a neutral polymer in a good solvent. This is based on the viscosity scaling 

relationships when plotting specific viscosity vs. concentration.  Below 2 wt. % PVA, ηsp ~ 

c1.3 (where ηsp is the specific viscosity and c is the PVA concentration), and above 3 wt.% 

PVA ηsp ~ c3.8 which is consistent with the theoretical prediction of a neutral polymer in a 

good solvent.  The solution dynamics are shown in Figure 3.9(b) for reference and 

comparison to other pHs.  Further, the entanglement concentration [65, 66] was determined 

to be 2.5 wt. % PVA, as indicated by the change in slope in the ηsp vs. c and we note the 

concentration required to electrospin uniform fibers was 2.5 times the entanglement 

concentration (6.0%), which is expected for a neutral polymer [65, 66].  We observe (Figure 

3.9a) similar solution dynamics when the pH is adjusted to 2.2 (ηsp ~ c1.2 below the 



71 
 

 

entanglement concentration, ηsp ~ c3.7 above the entanglement concentration, entanglement 

concentration 2.4%, uniform fibers produced at 2-2.5 times the entanglement concentration).  

Based on these results when the pH of the electrospinning solution is below 5.5 PVA appears 

to behave as a neutral macromolecule in solution.   

Despite the similarity in the behavior in PVA at pHs of 2.2 compared to 5.5, there is a 

significant difference in the results protein distrubtion.  At the isoelectric point (4.7-5.2), both 

PVA and the protein carry no net charge.  In this scenario, we are generating a coaxial fiber 

with protein in the core by polarizability contrast.  This likely occurs because under these 

conditions the PVA molecules are more polarizable that the BSA and are therefore drawn to 

the surface of the Taylor cone by dielectrophoresis.  In contrast, at a pH of 2.2 when the PVA 

is neutral but the BSA carries a net positive charge we do see indication of protein on the 

surface of the fiber.  Since, the positively charged protein in drawn to the surface despite the 

polarity of the electric field applied, we surmise that the protein at this pH is more 

polarizable than the PVA and the surface of the fiber is enriched with protein due to 

dielectrophoresis and polarizablity contrast.   

We also examined a pH above the isoelectric point.  We attempted to increase the pH 

of the PVA solutions by adding NaOH or even dissolving PVA directly in NaOH, but we 

found that the pH of these solutions were unstable, (when sodium hydroxide was first added 

the pH would be above 8, but if left for several hours and the pH was remeasured the pH 

decreased to ~5-6). We were able to make PVA solutions with pH ~7.5 by dissolving PVA in 

Tris buffer.  In Tris buffer, we observe a shift in the solution dynamics (Figure 3.9(c)) 

consistent with the theoretical predictions for polyelectrolytes [136] (ηsp ~ c0.5 below the 
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entanglement concentration, ηsp ~ c1.9 compared to the theoretical prediction of ηsp ~ c1.5 

above the entanglement concentration of 0.8 wt.%), which indicates the PVA deprotonates at 

basic pHs.  We also note that ηsp ~ c3.7above 3 wt.% PVA, indicating the onset of the 

concentrated regime.  For PVA dissolved in Tris buffer, the critical PVA concentration to 

form uniform fibers was 7 wt.%, slightly higher than 6 wt.% for PVA at lower pHs.  This 

result is consistent with previous work electrospinning polyelectrolytes, where concentrations 

above 8Ce were required to generate uniform fibers [136].   Based on these findings, under 

these conditions PVA molecules carry a net negative charge presumably due to 

deprotonation.  At this pH (7.5), both the BSA and PVA macromolecules carry a net negative 

charge.   In this case, we observe some protein on the surface due to dielectrophoresis, but 

not as much as in the case of the acidic pH.  This may be attributed to the fact that there is 

not as much of a difference in polaizablity between the BSA in its given form at this pH and 

the deprotonated form of PVA at this pH. Additionally, this difference may be due to the 

changes in tertiary structure of the BSA molecules under the different pH conditions 

previously reported [137].   
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Figure 3.9 Rheological solution dynamics of PVA: a log-log plot of specific viscosity 
versus concentration for PVA solutions (a) in Tris buffer (pH 7.5), (b) in DI water (pH 
5.5) and (c) pH 2.2) and PVA with 50% BSA loading at (d) pH 8, (e) pH 5 and (f) pH 2. 
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We have also examined how the addition of BSA to the system (50% loading per 

mass of PVA) affects the solution dynamic sat various pHs (Figure 3.10).  At acidic pH (pH 

2) (Figure 3.10(a), we notice little change in the solution dynamics when dI water is used as 

the solvent (Figure 3.1).  The entanglement concentration was determined to be 2.3 wt.% 

PVA and the specific viscosity scaling with PVA concentration in the semidilute unentangled 

and semidilute entangled regions are consistent with that of a neutral polymer in a good 

solvent.  When the pH is adjusted to the isoelectric point, the entanglement concentration is 

slightly higher at 2.7 wt.% PVA and the scaling of the specific viscosity with PVA 

concentration also increases from 4.1 to 5 (Figure 3.10(b)).  This change may indicate 

increased interactions at this pH possibly due to protein aggregation.  Finally, above the 

isoelectric point we note a shift in the solution dynamics.  In the case of PVA at basic pH, we 

observe an entanglement concentration of 0.8 wt.% PVA and solution dynamics consistent 

with a polyelectrolyte which we attribute to deprotonation of the hydroxyl groups at this pH.  

However, in the presence of 50% BSA loading, the effective entanglement concentration is 

1.7 wt.% PVA and the solution dynamics are consistent with a neutral polymer in a good 

solvent as indicated by the scaling relationships in the semidilute unentangled and semidilute 

entangled concentration regimes (Figure 3.10(c)). We attribute this change to polar 

interactions between PVA and BSA at this pH which effectively screen the polyelectrolyte 

behavior of PVA. 
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Figure 3.10 Solution dynamics for PVA/BSA systems with 50% BSA loading at (a) pH 
8, (b) pH 5, and (c) pH 2. 
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While in reality the forces on the particles in solution are also complicated by 

particle-particle interactions (probed using solution dynamics of PVA with 50% BSA loading 

at various pHs), diffusivity, as well as electrostatic diffuse layers surrounding the particles, 

we can infer the relative roles of dielectrophoresis, Coloumbic forces, as well as drag force 

on macromolecules in solution during electrospinning which dictate the distribution of 

protein within a protein/polymer composite fiber.  Based on the results from the viscosity 

modulation, we deduce that the time scale of electrospinning is sufficient to accommodate 

segregation by dielectrophoretic/electrostatic forces.  Despite significant increases in 

viscosity and thus drag force, the amount of the protein on the surface of fiber was not 

affected and thus the drag force due to hydrodynamic friction is small in comparison to 

electrostatic and dielectrophoretic forces.  Varying the pH of the solution and thus the net 

charge on the protein as well as the applied polarity, we found the amount of protein on the 

surface of the fiber at a give pH is not affected by the polarity of the applied electric field.  

This result indicates that electrostatic forces are not the dominant on a macromolecule in the 

electrospinning solutions compared to dielectrophoretic forces.  At any pH, dielectrophoresis 

dominates the migration of macromolecules during electrospinning, and based on this 

understanding we can capitalize of segregation due to polarizability contrast to vary the 

distribution of the protein within the electrospun fiber for a give application.  In order to 

obtain a coaxial distribution, with protein in the core, the pH of the electrospinning solution 

should be adjusted to the isoelectric point of the protein. When electrospinning at the 

isoelectric point, the pH at which the protein molecule has no net charge, the PVA molecules 

appear more polarizable than the protein and thus experience more electrophoretic forces and 
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are drawn to the surface of the fiber.  This provides a possible single-step method to 

producing coaxial fibers with a protein core and polymer shell.   

3.5 Conclusions 

 We find that the addition of a model globular protein, BSA, does not affect the 

molecular entanglement required to electrospin PVA and we were able to incorporate up to 

50% BSA loading (per weight of PVA).  Further, pH of the electrospinning solution affected 

the surface concentration of the protein as indicated by XPS and a quantitative colloidal gold 

assay to visualize the protein on the surface.  To further understand why protein distribution 

was affected by pH, we explored the effects of dielectrophoresis, electrostatic forces, and 

hydrodynamic friction during electrospinning.  We deduce that electrostatic forces and 

hydrodynamic friction are small relative to dielectrophoretic forces.  Based on this 

understanding, we can utilize polarization contrast as a strategy to modulate the protein 

distribution within the fiber: a coaxial distribution with protein in the core can be obtained by 

electrospinning at the isoelectric point of the protein when the polymer molecules are drawn 

to the surface due to their relative polarizability.  Alternatively surface enrichment occurs 

when the protein carries a net charge and is more polarizable than the polymer.  
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Chapter 4 Fabrication and Characterization of Electrospun and 
Chemically Crosslinked PVA Nanofibers as Support Materials for 

Hyperthermophilic Enzyme Immobilization 

4.1 Abstract 
 

We immobilized a model hyperthermophilic enzyme, α-galactosidase from 

Thermotoga maritima within chemically crosslinked, water-insoluble polyvinyl alcohol 

(PVA) nanofibers by blending and electrospinning the enzyme with PVA to produce uniform 

enzyme-loaded nanofibers, followed by chemically crosslinking with glutaraldehyde in 

acetone.  The resulting nanofibers were water-insoluble at elevated temperatures, and 

enzyme leaching was not observed indicating that the crosslinking effectively entraps the 

enzyme within the fibers.  The catalytic activity of the immobilized enzyme as a function of 

temperature showed a maximum around 95°C that was an order of magnitude higher than the 

activity at 37°C, demonstrating the preservation of the hyperthermophilic nature of the 

enzyme.  The apparent half-life at 90°C improved by 5.5-fold upon immobilization but a 

significant decrease in apparent activity upon immobilization did occur.  We explored 

possible reasons for the apparent decrease in activity and methods to prevent it.  We found 

that the reagents used in the crosslinking reaction account for only a small fraction of the 

decrease in activity, but intra- and inter-fiber diffusion limit the rate of reaction.   The effect 

of inter-fiber diffusion was reduced by minimizing the thickness of the mat whereas additives 

to the electrospinning solution such as buffers and salts can improve the apparent activity of 

the immobilized enzyme, likely due to reduced intra-fiber mass transfer effects.  Finally, we 

established that additives to help stabilize the enzyme to prevent deactivation during 
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immobilization had a significant effect.  For example, trehalose improved the apparent 

activity by an order of magnitude when incorporated into the electrospinning solution. 

4.2 Introduction 

Electrospinning is a simple technique used to generate nanofibrous membranes and 

nanofiber composites [24-26, 57-61].  It involves the application of a high voltage (1-30 kV) 

to induce the formation of a liquid jet of polymer solution or melt.  The electrified jet 

undergoes stretching and whipping resulting in a long and thin fiber. As the liquid jet is 

continuously extended and the solvent evaporates, there is a significant reduction in the 

diameter of the jet from several hundred micrometers to as low as tens of nanometers. 

Eventually, the charged fiber is deposited onto the grounded collector plate as a random, non-

woven mat of nanofibers.  The materials produced using this method have exceptional 

specific surface area and may be of use in a broad range of applications such as filtration, 

protective clothing, tissue engineering, drug delivery, catalysis, sensors.  Use of nanofibers as 

solid supports for immobilization of catalysts, including biocatalysts, is especially promising.  

Although enzymes are highly efficient and selective biocatalysts [1], practical 

application of enzymes is often limited by lack of enzyme stability [2, 138, 139].   Enzymes 

from hyperthermophilic microorganisms are considered especially promising for 

biotechnological applications due to their intrinsic thermostability [6, 7, 140].  For any 

biocatalysts, immobilization is often desirable.  In addition to improved enzyme stability, 

advantages of immobilization include avoidance of product contamination, and ease of 

recovery of the biocatalysts which facilitates reuse.  One of the main challenges of 

immobilization is that it often results in an apparent decrease in catalytic activity of the 
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enzyme [9, 11-13].  The performance of the immobilized enzyme is significantly affected by 

the structure (size and shape) of the support material [22, 23].  Fibrous materials, particularly 

nanofibrous materials, are considered promising support materials due to their high specific 

surface area.  Therefore, the aim of this work is to evaluate the use of electrospun nanofibers 

as support materials for enzyme immobilization. 

Enzyme immobilization using nanofibers has been achieved by two main methods: 

surface attachment and encapsulation.  Attachment to fiber surfaces via covalent linkages has 

been achieved using unmodified and modified nanofibers.  However, these processes 

generally utilize hydrophobic materials which limits enzyme loading and often requires 

modification to increase the biocompatibility of the surface [19].  Encapsulation within 

nanofibers can be achieved by co-electrospinning enzymes in solution with a water-soluble 

polymer and crosslinking the polymer. Advantages of this approach include simplicity and 

ability to accommodate high enzyme loadings.  Therefore, we focus on the encapsulation 

method. Alternatives to crosslinking include coating the enzyme loaded fibers with a water-

insoluble polymer by chemical vapor deposition [141].   Encapsulation approaches using 

water-insoluble polymers such as coaxial electrospinning with the aqueous enzyme/polymer 

solution in the core and a water-insoluble fiber as the shell [27], and electrospinning 

emulsions of enzyme and water-insoluble polymers have been considered [28-31].  However, 

the use of water-insoluble materials may cause conformational changes of the enzyme 

resulting in deactivation due to their poor biocompatibility.  Immobilization by 

electrospinning prehydrolyzed tetramethyl orthosilicate (a silica precursor) and polyvinyl 

alcohol (PVA) with enzyme resulting in entrapment of the enzyme within mesoporous silica 
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fibers has also been reported, although loss of enzyme usually takes place when using this 

method [32].  Loss of activity and enzyme leaching from the support materials remain chief 

issues in developing appropriate immobilization methods.  

We seek a simple method to immobilize biocatalysts within nanofibers by co-

electrospinning the enzyme with a water-soluble polymer and chemically crosslinking the 

electrospun enzyme-loaded fibers.  An added consideration with hyperthermophilic enzymes 

is that the immobilization method must be effective at elevated temperatures.  Establishing 

appropriate immobilization methods using electrospun nanofibers requires (1) production of 

uniform enzyme-loaded nanofibers, (2) a chemical crosslinking method that does not affect 

the integrity of the fibers so that the high specific surface area of the electrospun materials 

are maintained, and (3) resulting fibers that are insoluble in water at elevated temperatures to 

avoid enzyme leaching. Introducing enzymes into the fiber structures can be troublesome.  

For example, when enzymes such as laccase and glucose oxidase were entrapped within 

electrospun PVA nanofibers for biosensor applications bead defects occurred upon the 

addition of enzyme to the polymer solution [29, 100].  Chemical crosslinking the fibers while 

maintaining the fiber structure has also proved a formidable challenge.  For example, the 

integrity of the fibers can be compromised due to fusion between of the fibers when using 

vapor-phase crosslinking [22] and the packing density of the fibers can be increased in the 

case of ethanol-based crosslinking due to PVA swelling in ethanol [23].  Further, the 

robustness of the crosslinked fibers in water, especially at elevated temperatures has yet to be 

established.   
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In related work, a handful of studies have begun to explore the use of chemically 

crosslinked PVA-based nanofibers for immobilization of noble metal nanoparticle catalysts 

[142-144] as well as biocatalysts [19, 22, 23, 91, 100,145] with promising results.  The high 

specific surface area of the nanofibers offered improved performance when compared to film 

support materials [22, 91, 142].  For example, lipase immobilized in PVA nanofibers 

crosslinked with MDI in THF was 6 times more active than a film prepared in a similar 

manner [91]. Additionally, immobilization facilitates recovery and reuse of the catalyst [22, 

142, 145].  Immobilized acetylcholinesterase retained more than 70% of the original activity 

after 10 reuses [145] while the immobilized metal nanoparticles were reused up to three 

times without significant deterioration of catalytic performance [142].    

Specifically, in previous work immobilizing biocatalysts, entrapment within PVA 

nanofibers has been reported to improve biocatalyst stability at elevated temperature (up to 

40°C) and humidity (up to 65% relative humidity) [23].  Improved storage stability at 4°C 

and 30°C in phosphate buffer pH 7.4 due to entrapment within chemically crosslinked PVA 

fibers using vapor-phase crosslinking has also been reported [145].  However, the catalytic 

activity of the enzyme is often lower upon immobilization [22, 23, 91, 145], in some cases by 

up to two orders of magnitude when compared to the free enzyme [91] and the reasons for 

loss in activity have yet to be fully characterized. 

Loss in activity can be attributed to conformational changes in the enzyme that result 

in enzyme deactivation during the immobilization process as incorporation of an enzyme into 

a solid polymer matrix by co-electrospinning can affect the conformation of a protein [146].  

Additionally, chemical crosslinking with glutaraldehyde may damage the active site of an 
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enzyme [19].  Mass transfer may limit the accessibility of the substrate to the active site 

reducing the apparent activity of the immobilized enzyme [19, 22, 23].  An understanding of 

the reasons for apparent loss of activity upon immobilization may provide opportunities to 

improve the performance of the immobilized enzyme. 

In this study, we immobilized a model hyperthermophilic enzyme by entrapment 

within a chemically crosslinked polymer nanofiber by electrospinning a PVA/enzyme 

solution followed by chemically crosslinking with glutaraldehyde.  We aimed to produce 

uniform, water-insoluble fibers that maintain their fiber structure after crosslinking and 

exposure to aqueous media at elevated temperatures to prevent enzyme leaching.  The effect 

of immobilization on the apparent catalytic properties such as activity as a function of 

temperature, kinetic parameters (Km, vmax), activation energy, as well as thermal stability 

were evaluated.  By examining the effect of the reagents used in the crosslinking reaction, we 

could obtain an understanding of the importance of deactivation on the loss of activity upon 

immobilization.  Intra-fiber and inter-fiber mass transfer limitations were considered.  

Experimental indications of mass transfer are supported by order of magnitude analysis using 

the Weisz-Prater criterion.  Based on the insight gained, we explored the use of additives to 

improve the apparent activity of the immobilized enzyme.   

4.3 Experimental  

4.3.1 Materials 

Polyvinyl alcohol (Mowiol 40-88, average molecular weight 205,000 g/mol, 88% 

hydrolyzed), hydrochloric acid, sodium chloride,  p-nitrophenyl-α-D-galactopyranoside, 

trehalose dehydrate, acetone (ACS reagent grade) were obtained from Aldrich (St. Louis, 
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MO).  Sodium acetate and raffinose pentahydrate were obtained from Alfa Aesar (Ward Hill, 

MA).  Sodium carbonate and glycerol (anhydrous) were from BDH (Poole, UK) and Fluka 

(Steinheim, Germany), respectively. Acetic acid and glutaraldehyde (50% aq.) were received 

from Acros (Geel, Belgium).  Growth media, other buffer reagents (Tris base, phosphate 

buffered saline), were obtained from Fisher Scientific and Sigma-Aldrich.  All materials were 

used as received. 

4.3.2 Protein Expression/Purification  

The α-galactosidase gene from Thermotoga maritima MSB8 (ORF TM1192) was 

cloned and inserted into pET24d (Novagen) as previously reported and transformed into 

E.coli [147]. E.coli containing the gene were grown in laboratory scale fermentors (working 

volume ~1.8 L) in Luria broth with kanamycin (50 mg/L) at 37°C overnight.  Protein 

expression was induced by addition of isopropyl-β-D-thiogalactopyranoside (IPTG) when the 

optical density at 600 nm was 0.7.  A cell pellet from one liter of the culture was formed by 

centrifugation and resuspended in 40 mL of 50 mM Tris, pH 8.0.  The cells were lysed with 

10 second pulses of sonication for 10 minutes. Cell debris was removed by centrifugation 

and a portion was used as cell extract where noted and another portion was further purified.  

For further purification the supernatant was filtered and heat treated at 70°C for 20 minutes 

to denature most E. coli proteins, which were removed by centrifugation.  The resulting 

material was then filtered and a portion was stored at 4°C and used for further experiments 

(designated as heat treated), while the other portion was purified further using anion 

exchange chromatography.  Heat treated cell extract was applied to a 5 mL Econo-pac High 

Q column equilibrated with 50 mM Tris buffer, pH 8.  The protein was eluted with a linear 
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NaCl gradient (0 to 1 M) in 50 mM Tris based on previous reports [46].  Fractions of 5 mL 

were collected during the equilibration, elution gradient and final wash with high salt buffer.   

The fractions collected were screened for GalA activity.  The fractions were screened for 

activity at room temperature on a 96-well plate by monitoring the conversion of p-

nitrophenol (pNP) from pNP-α-D-gal. A small portion of the fraction was incubated in 58.3 

mM solution of pNP-α-D-gal in sodium acetate buffer (pH 5.5) at room temperature for 

approximately 10 minutes.  The reaction was stopped by adding 1 M sodium carbonate.  The 

plate was then read at 405 nm to qualitatively compare the activity of the fractions.   The 

fractions with the most activity were combined and concentrated for further analysis, 

designated AEC purified.  For each level of purification, protein concentrations were 

determined using the Bio-Rad protein assay (Bio-Rad, Hercules, CA) with bovine serum 

albumin as a standard.  Samples before and after purification were analyzed by Sodium 

dodecyl sulfate (SDS)-gel-electrophoresis using precast polyacrylamide gels.  Protein 

samples were  combined with SDS sample buffer (containing glycerol, SDS, bromophenol 

blue (dye), and β-mercaptoethanol),  and incubated at 90°C for 20 minutes.  The samples 

were centrifuged for 1 minute before loading onto the gel.  The gel was run at 80 volts and 

subsequently washed with water under gentle shaking and stained with GelCode Blue 

overnight.  The stained gel was washed again with water and photographed (Figure 4.1).  

Results from the purification are shown in Table 4.1. 
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Figure 4.1 SDS-PAGE gel of cell extract after lysis (1),  and heat treated cell extract 
before and after purification by anion exchange chromatography (2 and 3 respectively) 
with molecular weight marker (left). 
 
 
 
Table 4.1 Purification Table of α-gal  
 

Purification Step 
Protein 

Concentration 
(mg·mL-1) 

Specific Activity of 
Free at 75°C 

(mol [pNP]·μg
-1

·min
-1

) 

Purification 
(Fold) 

Lysed Cell Extract (1) 6.4 3.1 (±0.1) x 10-8 1 
Heat Treated (2) 2.1 2.9 (±0.2) x 10-8 0.9 
Anion Exchange 

Chromatography (3) 1.0 9.2 (±0.3) x 10-8 3 
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4.3.3 Immobilization 

 Immobilization of α-gal within electrospun nanofibers required two steps.  First, an 

aqueous solution of PVA and α-gal was prepared and electrospun.  Next, the as-spun α-gal 

loaded fibers produced by electrospinning were chemically crosslinked with glutaraldehyde.   

Electrospinning 

Aqueous PVA solutions were prepared by stirring mixtures of PVA and deionized 

water at 60°C until homogeneous and stored at 4°C until further use.  In some cases, we 

varied the solvent of the electrospinning solution.  In these cases, PVA was combined with 

the specified solvent (i.e., 200 mM raffinose, 1 M Trehalose, 1 M glycerol, 50 mM Tris 

buffer (pH 8.2), 58.3 mM sodium acetate buffer (pH 5.5), 10 mM phosphate buffered saline 

(pH 7.4), 0.1 wt.% NaCl, or 1.0 wt.% NaCl) and stirred at 60°C until homogeneous, and 

stored at 4°C.  PVA and α-gal were combined in appropriate proportions at room temperature 

and stirred briefly.  The amount of PVA used is reported as mass of PVA per mass of total 

solution.  The α-gal loading is the mass of α-gal per mass of PVA.  In some cases the pH of 

the solutions were adjusted by adding small amounts of HCl and stirring briefly. The pH was 

measured with a Horiba Twin B-213 pH meter.  The zero-shear viscosity of the 

electrospinning solutions was measured at 25°C using a TA instruments AR-G2 Rheometer 

using a 40 mm diameter, 2° cone and plate geometry.   

To electrospin we used a point-plate configuration as previously described [59]  

where PVA/α-gal solution was loaded into a syringe fitted with a stainless steel needle (0.508 

mm I.D.) and attached to a power supply (Gamma High Voltage Research, D-ES-

30PN/M692).  A flow rate of 0.5 mL/hour, collecting distance of 15 cm between the tip of 
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the needle and the ground collector plate covered with foil and applied voltage (positive 

polarity) of 10-22 kV were used.  Fibers were typically collected over 2 to 4 hours.   

Crosslinking 

 Small sections (1’’ squares) of electrospun material were cut and immersed in acetone 

containing 5 vol.% glutaraldehyde and 0.12 vol.% HCl at ambient conditions.  After 2.5 

hours, the samples were removed and dried at ambient conditions, finally and stored at 4°C.  

In some cases, after 2.5 hours, the samples were removed and placed in Tris buffer at 

ambient conditions. 

4.3.4 Fiber Characterization  

We characterized the fibers before and after crosslinking.  To examine the fiber 

morphology, samples were sputter coated with a ~10 nm layer of gold and analyzed with a 

scanning electron microscope (SEM, FEI XL-30) at 5 kV.   

4.3.5 Enzyme Activity 

α-gal activity was measured using a previously reported assay by monitoring the  

enzymatic release of p-nitrophenol (pNP) from p-nitrophenyl-α-D-galactopyranoside via the 

UV absorbance at 405 nm [46].  Briefly, free and immobilized enzymes were incubated in p- 

nitrophenyl-α-D-galactopyranoside in 58.3 mM sodium acetate buffer (pH 5.5) at 

concentrations between 0.2 and 5 mM (standard 4.43 mM) and temperatures between 37 and 

120°C (standard 75°C).  After some time (depending on the temperature and the mass of 

enzyme present), 1M sodium carbonate was added to stop the reaction.  The amount of pNP 

converted in the assay time was determined by measuring the UV absorbance of the reaction 

media at 405 nm using a Jasco V550 spectrophotometer.  Water was used as a negative 
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control to account from the any pNP converted due means other than enzymatic release.  

Activities reported are in units of mol of pNP per minute under the specified assay conditions 

per μg of enzyme present.  The mass of immobilized enzyme was determined from the mass 

of membrane crosslinked and the enzyme loading used. Activities measurements were made 

at least in triplicate.  

 Kinetic Parameters 

To determine the kinetic parameters for the hydrolysis of pNP-α-D-galactopyranoside 

small sections of electrospun material were cut into small pieces of equal mass (~10 mg) and 

then crosslinked.  The initial rate of hydrolysis was determined from the spectrophotometric 

assay using initial concentrations between 0.2 and 1 mM in 58.3 mM sodium acetate buffer, 

pH 5.5.  The kinetic parameters were determined from Lineweaver-Burk plots of initial rates 

of hydrolysis measured at various substrate concentrations similar to previous reports [148-

150]. 

 Thermal stability 

 The thermal stability of the free and immobilized α-gal were measured by incubating 

α-gal in 58.3 mM sodium acetate buffer, pH 5.5 at 90°C for predetermined amounts of time 

and then measuring the residual activity at 90°C.  The half-life at 90°C, pH 5.5 was estimated 

from the slope of a semi-log plot of fractional activity versus time assuming enzyme 

inactivation occurred in a single-step process, similar to previous reports [151, 152].  

Immobilized α-gal samples for this experiment were prepared by cutting small sections of 

electrospun material into pieces of equal mass (~3 mg) and then crosslinked. 

Effect of Crosslinking Reaction Reagents on the Free Enzyme  
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To determine the effect of acetone, GA and HCl on the enzyme, a small amount of α-

gal was placed in a vial and then exposed to a small amount of acetone, acetone with GA, 

acetone with HCl or acetone with GA and HCl (~300 μL) which evaporated over several 

hours.  The amount of GA and HCl were the same as used in the crosslinking reaction, 5 

vol.% and 0.12 vol.%, respectively.  The activity after exposure to acetone, or acetone with 

GA and/or HCl was measured under standard conditions at 75°C. 

Enzyme leaching 

 To evaluate enzyme leaching during the activity assay, samples were removed from 

the acetone crosslinking reaction media and placed directly in Tris buffer.  Samples were 

then removed from Tris after increasing amounts of time (15 minutes to 48 hours) and 

allowed to dry briefly at ambient conditions before storing at 4°C.  Residual activity of the 

washed samples was measured under standard conditions at 75°C. 

4.4 Results and Discussion 

4.4.1 Enzyme Immobilization and Characterization 

Electrospinning 

To effectively immobilize enzymes within chemically crosslinked nanofibers, we first 

examined how the addition of enzyme affected the electrospinnability of PVA.  We 

correlated solution dynamics with the resulting morphology of the electrospun material as 

shown in Figure 4.2.  The solution viscosity, a measure of polymer entanglement, can be used 

to predict fiber formation of electrospinnable polymers [65, 66]. Common fiber 

morphologies, i.e., beaded fibers and uniform fibers, have been correlated with different 

polymer concentration regions relative to the entanglement concentration [66]. Figure 4.2  
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shows the normalized zero shear viscosity (ηsp) of PVA/α-gal solutions as a function of PVA 

concentration with a constant α-gal loading of 0.1% (per weight of PVA). For PVA and 

PVA/α-gal blends, below 2 wt. % PVA, we found that ηsp ~ c1.3 (where ηsp is the specific 

viscosity and c is the PVA concentration), consistent with the theoretical prediction for 

semidilute, nonentangled solutions of a neutral polymer in a good solvent [65, 66, 82]. At 

concentrations higher than 3 wt. % PVA, ηsp ~ c3.8, characteristic of semidilute entangled 

solutions [66, 82, 85, 124]. The entanglement concentration was determined to be 2.5 wt. % 

PVA, as indicated by the change in slope in the ηsp vs. c plot (Figure 4.2) [66].  As shown by 

the SEM micrographs in Figure 4.2, semidilute non-entangled solutions produce 

discontinuous beaded structures and large droplets; semidilute, entangled solutions produce 

beaded fibers with increased uniformity when qualitatively compared to non-entangled 

solutions; concentrations above 6 wt. % PVA (Cc, critical concentration) produce uniform 

fibers.  The critical concentration to spin PVA is 6.0 wt. %, which is 2.5 times greater than 

the entanglement molecular weight concentration of 2.5 wt. % (Figure 4.2), which agrees 

well with previous studies [65, 66].   
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Figure 4.2 Electrospinning and rheological solution properties of PVA with and without 
α-galactosidase solutions: a log-log plot of ηsp versus concentration for solutions of PVA 
and PVA with 0.1% α-gal loading and SEM images of characteristic fiber 
morphologies. 
 
 
 
Based on these results, the presence of α-gal does not appear to affect the PVA entanglement 

required for electrospinning; therefore, electrospinnability of the blends is dictated by PVA 

entanglement.  While we examined only relatively low enzyme loading in this study, in a 

previous study we have shown that up to 50% protein loading can be achieved using BSA as 

a model protein [153] so higher enzyme loadings are possible with this technique [22, 23]. 

Crosslinking 

 To effectively entrap the enzyme within the electrospun fiber requires chemical 

crosslinking to render the enzyme-loaded fiber insoluble in water.  Maintaining the structure 

of the fiber is critical to capitalize on the high specific surface area of the electrospun 

nanofibers.  The integrity of the fibers was maintained after crosslinking (Figure 4.3(A)) and 

the crosslinked fibers maintained their structure after soaking in water overnight (Figure 4.3 
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(B)).  When immobilizing hyperthermophilic enzymes, we must also consider the effect of 

elevated temperatures on the structure of the fibers so we also examined the fibers after 

exposure to aqueous medial for approximately 48 hours at 75°C.  No significant change in 

the structure of the fibers was observed (Figure 4.3 (D)). Since no significant change in fiber 

structure was evident from the SEM micrographs, we ascertained that the chemical 

crosslinking with GA yielded a sufficiently robust polymer fiber for immobilization of a 

hyperthermophilic enzyme.  This may offer improvements upon previous work, as Wang and 

Hsieh reported that crosslinking in ethanol appeared to affect the packing of the fibers due to 

swelling of PVA in ethanol, [23] and Wu et al. reported that vapor phase crosslinking caused 

fiber fusion and the fiber packing, which resulted in decreased surface area and may have 

contributed to reduced catalytic activity [22].  Since the acetone-based crosslinking that we 

use did not appear to affect the packing of the fibers, we maintained the high specific surface 

area afforded by electrospinning which may help to minimize mass transfer limitations.    
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Figure 4.3. SEM micrographs of (A) electrospun 7 wt.% PVA, 0.1% α-gal fibers, (B) 
electrospun 7 wt.% PVA, 0.1% α-gal fibers after crosslinking with glutaraldehyde, (C) 
crosslinked 7 wt.% PVA, 0.1% α-gal fibers after soaking in deionized water at room 
temperature overnight, and (D) crosslinked 7 wt.% PVA, 0.1% α-gal fibers after 
activity assay at 75°C.  Scale bar represents 2 microns. 
 
 
 
4.4.2 Immobilized Enzyme Characterization 

Effect of Temperature 

Next, we focus on characterizing the properties of the immobilized enzyme.  When 

working with a hyperthermophilic enzyme, the performance of the enzyme at elevated 

temperatures is paramount.  After confirming that immobilized α-gal using the AEC purified 

enzyme preparation is catalytic active at 75°C, we examined the specific activity of the free 
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and immobilized α-gal as a function of temperature.   Figure 4.4 shows the specific activity 

for free and immobilized normalized to the respective maximum specific activity.  Both the 

free and immobilized enzymes were optimally active at ~95°C, as expected for the free 

enzyme, above which the activity for both the free and immobilized enzyme decreased as a 

function of temperature [46].  The hyperthermophilic nature of the α-gal was retained after 

immobilization, as the specific activity of the immobilized enzyme at 95°C was an order of 

magnitude higher than the specific activity at 37°C.  

We note that diffusion is also expected to increase with increasing temperature.   The 

effect of temperature of effective diffusivity of small molecules in polymer systems is 

typically described with an Arrhenius-type equation [154, 155].  Since the activation energies 

reported for small molecules in polymer systems [154, 155] are comparable to the activation 

energy of the free enzyme (on the order of 10 kJ/mol), we postulate that the relative effect of 

mass transfer on apparent activity is the comparable for all temperatures.   
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Figure 4.4. Specific activity of free and immobilized α-gal (AEC purified) as a function 
of temperature normalized to the maximum specific activity of the free and 
immobilized enzyme, respectively. 
 
 
 
 We also examined the effect of purification on the performance of the immobilized 

enzyme.  The specific activity of the immobilized relative to the free enzyme at the same 

level of purification is not significantly affected by the purification level.  Due to ease of 

preparation, the heat treated enzyme preparation is used for further experiments.   

Kinetic Parameters and Activation Energy 

Next, we investigated the effect of immobilization on enzyme properties such as 

kinetic parameters Km and vmax as well as activation energy (Table 4.2). Estimates of the 

kinetic parameters indicated that while immobilization did not significantly affect the 

apparent Km,; however, vmax was significantly lower upon immobilization.  Upon 
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immobilization the apparent vmax (measured in moles of pNP per minute) fell from on the 

order of 10-7 to 10-11. Similar trends in kinetic parameters have been reported previously for 

immobilization of enzymes on polymer supports [148, 156-159], including thermophilic 

enzymes [160], as well as immobilization by entrapment within polymer matrices [161], 

specifically PVA based networks [150, 162].  Decreases in vmax upon immobilization may be 

attributed to diffusion limitations or structural changes in the enzyme [148, 148, 163, 164]. 

We also noted an increase in activation energy by a factor of approximately 2.5 of the 

immobilized enzyme when compared to the free enzyme.  Increases in activation energy of 

enzymes upon immobilization have been previously reported and are considered to be 

indication of structural changes in the enzyme introduced by immobilization [165-167]. The 

change in activation energy may also be a consequence of diffusion limitations [168, 169].  

Further experiments are required to better understand the reasons for the apparent decrease in 

activity, which we will probe in later sections.  

 
 

Table 4.2 Properties of free and immobilized α-gal using acetone-based crosslinking 
where vmax is normalized to the mass of enzyme in μg 
 

 Free Immobilized 

Km (mM) .28 ± .04 0.28± .18 

vmax (mol·min-1) 3.1(±0.3)·10
-7

 2.3(±0.9)·10
-11 

 
Ea (kJ·mol-1) 49.7 ± .6 119 ± 1 
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Thermal Stability  

Since one of the goals of immobilization is improved enzyme stability, we also 

examined the thermal stability of the immobilized α-gal [170, 171].  In this experiment, we 

incubated the immobilized enzyme in sodium acetate buffer (pH 5.5) at 90°C, and measured 

the loss of activity after increasing amounts of time (Figure 4.5).     From the loss of activity, 

we estimated the half-life of the immobilized the enzyme to be about 110 minutes whereas 

the half-life of the free enzyme at the same conditions was about 20 minutes.  Immobilization 

led to a 5.5-fold improvement in half-life at 90°C.  This result is similar to previous reports 

of improved thermal stability of thermophilic [160, 172-174] and hyperthermophilic [175-

177] enzymes upon immobilization. Stabilization of enzymes immobilized within a porous 

solid in this case is considered to be due to prevention of interaction with potentially 

damaging molecules found in the cell extract as well as interaction with hydrophobic 

surfaces [170].  Additionally the crosslinking reaction may promote covalent interactions 

between the enzyme and the fiber which may enhance the rigidity of the enzyme structure 

leading to increased stability [170].  Further, crosslinking between enzyme molecules may 

occur which may improve stability by preventing subunit dissociation of the α-gal dimer [46, 

171, 178]. 
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Figure 4.5.   Thermal stability of free and immobilized α-gal at 90°C and pH 5.5. 
 
 
 
Enzyme Leaching 

Finally, we considered the robustness of this immobilization method with regards to 

enzyme leaching.  Effective immobilization would minimize enzyme leaching from the 

support material, thus we should ensure that the chemical crosslinking of the polymer fibers 

effectively entraps the α-gal within the fiber.  To determine if enzyme leaching is an issue in 

the system, the fibers were placed directly into Tris buffer after crosslinking.  After various 

amounts of time (15 minutes to 48 hours) the fibers were removed and the residual activity 

remaining in the washed fibers was measured.  The specific activities of the washed fibers 

after increasing amounts of time are shown in Figure 4.6.  Interestingly, washing with Tris 

resulted in an increase in apparent activity by nearly 30-fold when compared to crosslinked 

samples that were not washed.  The introduction of a washing step may prevent the fibers 
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from drying out which may better maintain the microenvironment of the immobilized 

enzyme.  Additionally, the Tris may actually quench the crosslinking reaction as Tris has 

been used previously to cap unreacted aldehydes [179].  This may effectively reduce the 

length of crosslinking reaction which has been previously shown to affect the performance of 

immobilized enzymes within fibers crosslinked with GA [22, 23].  Importantly, despite 

increasing the wash time up to 48 hours, there was no decrease in apparent activity of the 

washed fibers.  Therefore, we surmised that α-gal is not leachinging from the system over 48 

hours and the chemical crosslinking with GA is sufficient to effectively entrap the α-gal 

within the polymer fiber.  This result highlights the robustness of the polymer fiber supports, 

and establishes that electrospinning and chemical crosslinking is an appropriate method for 

immobilization of hyperthermophilic enzymes. 

 
 

 
 

Figure 4.6 Effect of washing in Tris buffer on apparent activity of immobilized α-gal. 
 



101 
 

 

4.4.3 Reasons for Decreased Apparent Activity of the Immobilized Enzyme 

As is typically observed in enzyme immobilization, we observed a trade-off in 

improved stability and retained activity as the thermal stability is improved by 

immobilization (by 5.5-fold in this case), but the apparent activity of the immobilized 

enzyme is significantly lower than the free enzyme [180, 181].  The decreased activity could 

be attributed to a number of factors including: lack of exposure and access to the substrate, 

and changes in the conformation of the enzyme due to electrospinning and/or crosslinking 

[22, 23, 163-167]. In the following discussion, we will explore possible reasons for the lower 

activity and their relative importance with the aim of determining if and how the performance 

of the immobilized enzyme can be improved.  

A critical concern that may explain the loss of activity upon immobilization is loss in 

conformation of the enzyme during immobilization.  Wang and Hsieh have previously 

reported that lipase entrapped within a polymer fiber (25-50% enzyme loading) showed 

similar catalytic activity to crude lipase demonstrating that the enzyme was not significantly 

affected by the electrospinning process or interactions with PVA [23].  However, upon 

crosslinking with GA in ethanol under highly acidic conditions, the activity of the entrapped 

lipase was significantly lower than crude lipase [23].  These findings suggest that the 

crosslinking media may greatly affect the activity retained by the immobilized enzyme.  

Therefore, we assess to what extent exposure to the crosslinking reaction media affects the 

activity of the enzyme.  We expose the free enzyme to acetone as well as acetone with GA 

and/or HCl for 3 hours as that was approximately the time required to render PVA fibers 

insoluble.  The activity of free enzyme was not greatly affected by exposure to acetone for 
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this period of time (Figure 4.7), compared to a 15% loss reported when lipase was exposed to 

ethanol for 1 hour [23].  However, as evident in Figure 4.7, when the free enzyme was 

exposed to acetone and GA, the activity was lowered by ~70%.  Acetone with HCl had less 

of an effect; the activity of the enzyme was decreased by ~50% when exposed to HCl in 

acetone suggesting the acidic conditions of the crosslinking reaction may affect the activity 

of the immobilized enzyme.  The combination of GA and HCl had the largest effect of the 

activity of the free enzyme.  The activity of the free enzyme was less than 25% of free 

enzyme not exposed to the combination of acetone with GA and HCl.  Clearly the reagents 

used in the crosslinking reaction are detrimental to catalytic activity of the enzyme.  

However, the loss in activity due to exposure to acetone, GA and HCl to the enzyme alone is 

small compared to the loss of activity when the enzyme-loaded fiber is crosslinked.   

 
 

 
 

Figure 4.7.  Effect of acetone, glutaraldehyde and HCl on the free enzyme measured at 
75°C. 
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 Next we considered diffusion limitations as mass transfer of the substrate to and 

product from the immobilized enzyme that may also affect the apparent activity of the 

immobilized enzyme [169, 171].  In this immobilization system, we must consider both intra-

fiber diffusion and inter-fiber diffusion.  Varying the enzyme loading within the fiber 

allowed for the evaluation of intra-fiber diffusion while varying the electrospinning time to 

control the mat thickness demonstrated the effect of inter-fiber diffusion.   
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Figure 4.8. (A) Effect of enzyme loading on apparent activity of immobilized α-gal.  
Apparent activity is normalized to the activity measured using 0.1% α-gal loading (B) 
Effect of mat thickness on apparent activity of immobilized α-gal. 
 
 
 
 Figure 4.8(A) shows the effect of enzyme loading on apparent activity of the 

immobilized enzyme.  In the absence of internal diffusion limitations within a fiber, we 
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would expect a linear increase in apparent activity with increasing enzyme loading [182].  

However, increasing the enzyme loading by 4-fold (from 0.05 to 0.2%) resulted in a less than 

2-fold increase in apparent activity.  This suggests that the diffusion of the substrate to and 

product from the immobilized enzyme within the fiber contributes to the lower apparent 

activity of the enzyme upon immobilization.   Similar effects have been previously reported 

for immobilization of catalysis using polymer supports [183], and electrospun polymer fibers 

specifically [184, 185].   

 Figure 4.8(B) shows the apparent specific activity of the immobilized enzyme activity 

as a function of electrospinning time (directly proportional to mat thickness [186, 187]).  

Surprisingly, the apparent specific activity decreased as electrospinning time increased.  

Decreasing the electrospinning time from 8 hours to 0.5 hours resulted in an approximate 17-

fold increase in apparent specific α-gal activity which indicates that inter-fiber diffusion may 

affect the apparent immobilized α-gal activity.  The decrease in apparent specific activity 

with increasing thickness indicated that the additional enzyme in the additional layers of 

nanofibers did not contribute to the measured apparent activity and only enzyme immobilized 

in the outermost fibers contribute to the apparent activity.  Previous work with lipase 

immobilized within chemically crosslinked PVA nanofibers indicates that mass transfer into 

the fibrous membrane may reduce the apparent activity of the immobilized enzyme as Xie 

and Hsieh note that membranes attached to a solid support (foil) is lower than a detached 

membrane as the foil limits the accessibility of some layers of fiber [91].  Therefore, we 

surmise that the performance of the immobilized enzyme may be greatly improved by 

minimizing the number of layers of fibers in order to minimize inter-fiber diffusion.  Further, 
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we may be underestimating the specific activity of the enzyme that does contribute to the 

measured apparent activity by assuming all of the enzyme-loaded in the fibers contributes to 

the apparent activity. 

To augment our experimental findings, we used the Weisz-Prater criterion (CWP), to 

assess internal mass transfer limitations based on directly observable entities [168, 188, 189], 

where: 

 

and robs is the observed rate of reaction based on unit volume of solid (mol·s-1·cm-3), Deff  is 

the effective diffusion coefficient in a porous structure (cm2·s-1), Cs is the initial substrate 

concentration (mol·cm-3), and L is a characteristic length (cm).  For a long cylinder, the 

characteristic length is half the radius and for a slab geometry, the characteristic length is half 

the thickness of the slab.  To evaluate intra-fiber diffusion, we took L to be half of the 

average fiber diameter.  To evaluate inter-fiber diffusion, we took L to be half of the 

thickness of a typical mat. If CWP >> 1, then the reaction is limited by internal mass transfer, 

if CWP << 1, then the reaction is kinetically controlled.  We estimate Deff to be on the order of 

10-6 cm2·s-1 based on previous reports of diffusion of small molecules in crosslinked PVA 

hydrogels [51, 52], the average fiber diameter to be 200 nm, and a typical mat thickness of 50 

μm.  The volume of the fibers was estimated assuming 80% porosity [190].  Based on the 

average fiber diameter, observed rate, and initial substrate concentration, the CWP ~ 10-8 

indicating that intra-fiber diffusion does not limit the reaction.  However, our experiments 

suggest the presence of intra-fiber diffusion.  We suspect that crosslinking leads to a highly 
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crosslinked network and the effective diffusivity for hydrogels cannot be used for this system 

as the effective diffusivity is much lower.  In fact, for CWP ~ 1 to accurately predict the intra-

fiber diffusion that we observe experimentally, Deff ~ 10-14
. Effective diffusivities of small 

molecules in glassy polymer matrices have been reported to be on the order of 10-10 cm2·s-1 

[191, 192] and as low as 10-17 cm2·s-1 [193], thus supporting our hypothesis that acetone-

based crosslinking produces a highly crosslinked network that behaves as a glassy polymer 

matrix rather than a hydrogel.  We attribute the difference in network structure to differences 

in effective PVA concentration during crosslinking.  At higher PVA concentrations, more 

intermolecular bonds are formed, which results in a more rigid structure which limits water 

uptake [194].  When using acetone-based immobilization, the as-spun fibers are crosslinked 

so the effective PVA concentration is much higher than typical hydrogels.  Therefore, the 

crosslinked structure using acetone-based crosslinking is much more rigid than a hydrogel 

leading to significantly different properties, most importantly the mass transfer of the small 

molecule substrate and product.  In the case of acetone-based crosslinking, when the 

crosslinked network behaves as a glassy polymer matrix, the apparent activity of the 

immobilized enzyme is severely limited by intra-fiber mass transfer.  With such a low 

effective diffusivity, other factors such as partitioning of the substrate as the crosslinking 

reaction decreases the hydrophilicity of PVA [41, 52] and product to and from the polymer 

fiber as well as external diffusion may affect the mass transfer and thus the apparent activity 

of the immobilized enzyme.  
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4.4.4 Additives to Improve Performance of Immobilized Enzyme 

 Based on the insight gained, we next focus on methods to improve the apparent 

activity of the immobilized enzyme.  Investigation into the nanofiber system suggests that 

both intra-fiber and inter-fiber diffusion as well deactivation during electrospinning and 

crosslinking may affect the performance of the immobilized enzyme.   Inter-fiber diffusion 

can be addressed by minimizing the number of fiber layers.  Next, we will discuss the use of 

additives to improve the retained activity of the immobilized enzyme. 

First, we considered the use of buffers to improve the microenvironment of the 

immobilized enzyme as chemical composition of the support can also affect the 

microenvironment and thus the structure of the immobilized enzyme [195].  Further, 

conditions such as pH during immobilization can greatly impact the performance of the 

immobilized enzyme [181, 196].  We began by using sodium acetate buffer (SAB, pH 5.5), 

phosphate buffered saline (PBS, pH 7.4) and Tris with a pH of 8.2 as solvents for the 

electrospinning solution rather than deionized water.  Interestingly, we observed an 

improvement in activity when using Tris buffer (by 5-fold), but not when using PBS or SAB, 

despite the similar concentration (~10 mM) of the buffers.  Since PBS and SAB had little 

effect on the apparent activity of the immobilized enzyme, it is unlikely that the presence of 

buffer salts contribute to the 5-fold improvement in activity when using Tris as the solvent 

for the electrospinning solvent but rather pH that affects the apparent activity.  Measuring the 

pH of the electrospinning solution after dissolving PVA at 60°C, we note that the pH of the 

electrospinning solution was 7.8 when using Tris, but ~5.5 when using PBS.  We infer that 

under the conditions used to prepare the electrospinning solution, Tris is a more effective 
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buffer than PBS as PVA may deprotonate at basic pH [153].  We further investigated the 

effect of pH by evaluating pHs near the isoelectric point of α-gal (pI 5.3 [46]), as well as 

above and below the isoelectric point.  A combination of Tris and HCl were used to achieve 

the desired solution pHs.      

 
 

 
 

Figure 4.9.  Effect of pH of the electrospinning solution on apparent activity of 
immobilized α-gal.  Apparent activity is normalized to the activity measured using 
deionized water as the solvent for the electrospinning solution with no pH adjustment. 
 

 
 
As shown in Figure 4.9, at pH 5.2 the apparent retained activity of the immobilized 

enzyme is similar to when using water as the solvent (pH ~5.5), at pH 7.8 obtained using Tris 

as the solvent, the apparent activity increased by 5-fold, and at pH 2.1 there is a 4-fold 

increase in apparent activity when compared to using deionized water as the solvent.  

Interestingly, the retained activity of the immobilized α-gal compared was higher at pH 
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values above and below the isoelectric point.  While Tris and neutral pHs may stabilize α-gal 

during immobilization [181, 197], improved performance under highly acidic conditions is 

surprising.  In previous work, we observed that that pH affected the protein distribution 

within the fiber.  At the isoelectric point, a coaxial fiber with protein in the core was obtained 

while protein surface enrichment occurred at pHs above and below the pH [153].  Therefore, 

we attribute the higher apparent activity to more α-gal on the surface of the fiber when the 

pH of the electrospinning solution was adjusted away from the isoelectric point of the 

protein.  Increased apparent activity could be the result of reduced intra-fiber diffusion as the 

enzyme on the surface offers improved accessibility.  Careful selection of the pH of the 

electrospinning solution can reduce the intra-fiber mass transfer resistance that reduces the 

apparent activity of the immobilized enzyme as the pH affects the distribution of enzyme 

within the fiber and at pHs above and below the isoelectric point, enzyme is drawn to the 

surface of the fiber during electrospinning.   

Next, we investigated the addition of salt to the electrospinning solution.  Since salts 

have been used as a porogen in other nanofiber systems, we hypothesized that incorporating 

a salt into the electrospinning solution and subsequently removing the salt by washing the 

fibers after crosslinking may introduce porosity in the fiber which may help to minimize 

intra-fiber mass transfer [60, 198-201]. We incorporated 0.1 and 1.0 wt.% NaCl into the 

electrospinning solution, crosslinked the resulting fibers, and washed the fibers in Tris.  

Immobilizing α-gal in the presence of 0.1% NaCl (added to the electrospinning solution) led 

to an increase in activity in the immobilized enzyme by approximately 3-fold when 

compared to the activity of α-gal immobilized without salt (Figure 4.10).  Increasing the salt 
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concentration to 1.0% NaCl improved the activity of the immobilized enzyme marginally. 

We note that addition of salt at the same concentrations did not affect the activity of the free 

enzyme.  Further increases in salt concentration were not explored, as the increased 

conductivity due to the presence of the salt began to affect the electrospinning process in that 

the addition of higher concentration of salts tended to introduce beaded fibers as has been 

previously noted [33].  

 
 

 

Figure 4.10. Effect of NaCl on apparent activity of immobilized α-gal.   
  
 
 

Immobilizing the α-gal in the presence of the salt may have multiple affects.  First, 

salts have been reported to increase enzyme activity in lyophilized enzyme.  Presumably, the 

salt helps maintain the native structure of the enzyme as with other stabilizers [202, 203].  

However, this effect is likely minimal due to the low concentrations of NaCl.  We attribute 

the improved apparent activity to enhanced mass transfer within the porous fiber.  Similar 
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roughness (a possible indication of porosity) was observed via SEM using salt concentrations 

of 0.1% NaCl and 1.0% NaCl (data not shown) which may explain why increased salt 

concentration did not lead to further increase in apparent immobilized α-gal activity.  The 

addition and subsequent leaching of salt resulting in a porous fiber serves to lessen the 

impact of intra-fiber diffusion that reduces the apparent activity of the immobilized enzyme.  

Finally we considered additives that may protect the enzyme from deactivation during 

immobilization.  A variety of compounds such as sugars, polyhydric alcohols and salts have 

been shown to improve the stability of proteins [204].  We examined the effect of using 

glycerol, trehalose, as well as raffinose as cosolvents during immobilization to determine if 

stabilization during immobilization improves the retained activity of the α-gal when 

immobilized.   

 The addition of 1M glycerol into the electrospinning solution resulted in an 

approximate 2-fold increase in apparent activity when compared to α-gal immobilized in the 

absence of any additive (Figure 4.11).  The incorporation of raffinose (200 mM) into the 

electrospinning solution improved the apparent activity of the immobilized enzyme by 

approximately 3-fold (Figure 4.11).  This level of improvement in retained activity is similar 

to previous reports [205-207].   Raffinose may have more of an effect than glycerol because 

in addition to being a known stabilizer, it is also a substrate for α-gal and substrates may also 

have a stabilizing effect on immobilized enzymes [208-211], Trehalose (1M) had much more 

of an effect than either glycerol or raffinose as we observe an over 10-fold improvement in 

the apparent activity of the immobilized enzyme (Figure 4.11).  Similar enhancement in 

activity with trehalose has been reported with a protease [212].    These results agree well 
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with previous reports that have found trehalose to be a superior stabilizer to glycerol and 

other sugars such as raffinose [213-215].  

 
 

 
 

Figure 4.11.  Effect of glycerol, trehalose, and raffinose incorporated into the 
electrospinning solution on apparent performance of immobilized enzyme.  Apparent 
activity is normalized to the activity measured using deionized water as the solvent for 
the electrospinning solution.   
 

 
 
Additives such as glycerol, trehalose and other sugars are thought to stabilize the 

structure of water by extensive hydrogen bonding in the hydration shells (thin layer of water 

surrounding the enzyme).  The interaction with water leads to preferential hydration and thus 

stabilization of the protein as the additive is excluded from the surface of the protein.  

Further, in the presence of the additive, the more compact, native form of the protein is 

thought to be thermodynamically favored when compared to the less compact unfolded 

protein [216-218].  The particular effectiveness of trehalose as a stabilizer has been attributed 
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to its unique properties such as exceptional stability due to its nonreducing nature, low 

hygroscopity, high glass transition temperature, ability to form inter-residue hydrogen bonds 

through water, and high number of equatorial hydroxyl groups resulting in strong interactions 

with water [218].  Additionally, trehalose may stabilize proteins through direct interactions, 

suppressing conformational changes by hydrogen bonding with the protein surface which 

may be strong relative to other additives due to the flexibility of trehalose [218].   

When we immobilized a hyperthermophilic α-gal by electrospinning and then 

chemically crosslinking the resulting enzyme loading fibers, the catalytic activity of the 

enzyme appeared to decrease as in most immobilization processes. We determined that 

deactivation during immobilization, as well as mass transfer limitations within fibers and 

between layers of fibers affect the performance of the immobilized enzyme.   Based on this 

understanding, we explored how to improve the performance of the immobilized enzyme.  

Inter-fiber diffusion can be reduced by minimizing the number of fiber layers; we can 

observe an over 16-fold increase in apparent specific activity of the immobilized enzyme by 

reducing the thickness of the fiber mat.  Incorporation of salt as a porogen reduces intra-fiber 

diffusion and improves apparent activity by approximately 3-fold.  Selecting the pH of the 

electrospinning solution to be above or below the isoelectric point so that the enzyme is 

driven to the surface also reduces intra-fiber diffusion and improves activity by 

approximately 5-fold.  Addition of a substrate, raffinose, to the electrospinning solution 

seemed to protect the active site of the enzyme during immoibilzation improving the 

apparent activity of the immobilized α-gal by about 3-fold.  Stabilizers such as glycerol and 

trehalose can protect the enzyme during immobilization preventing changes in conformation.  
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Trehalose was the most effective protectant as addition of trehalose into the electrospinning 

solution led to a 10-fold increase in apparent activity.  Given these improvements as well as 

the thermal stability afforded by this immobilization method (a 5.5-fold improvement in half-

life at 90°C), electrospun, chemically crosslinked nanofibers remain to be promising 

materials for immobilization of catalysts including biocatalysts.   

4.5 Conclusions 

We present a method to immobilize a model hyperthermophilic enzyme by 

entrapment within a chemically crosslinked polymer nanofiber using a two-step approach in 

which an aqueous polymer/enzyme solution is electrospun followed by chemically 

crosslinking with glutaraldehyde.  Based on solution dynamics, the presence of the enzyme 

does not appear to affect the polymer entanglement required for fiber formation and the 

electrospinnability of the system is dictated by the polymer entanglement.  The electrospun 

fibers retain their structure after crosslinking, and after soaking in aqueous media for over 48 

hours at 75°C over which time we have no indication of enzyme leakage from the support 

indicating that these fibers are sufficiently robust for the immobilization of 

hyperthermophilic enzymes.   

Importantly, catalytic activity is detected after immobilization and the 

hyperthermophilic nature as the maximum activity occurs at T~90-95°C and the activity at 

90°C is an order magnitude higher than at 37°C.  Notably, there is an apparent 5.5-fold 

increase in thermal stability of the enzyme at 90°C (pH 5.5) upon immobilization.  However, 

there is a trade-off between improved stability and catalytic activity as we also observe a 

significant decrease in apparent activity upon immobilization.  We delve into possible 
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reasons for the apparent decrease in activity.  We examine the effect of the reagents used in 

the crosslinking reaction, as well as mass transfer limitations.  Although the reagents used in 

the crosslinking reaction do cause deactivation, the loss in activity due to exposure to these 

reagents can only account for a small fraction of the decrease in activity.  Our experiments 

indicate that both intra-fiber and inter-fiber diffusion significantly limit the rate of reaction.   

Based on our experiments and order of magnitude analysis using the Weisz-Prater criterion, 

the effective diffusivity within the polymer matrix is on the order of 10-14
 cm2·s-1, which is 

consistent with glassy polymer matrices.  We hypothesize when crosslinking the fibers after 

electrospinning the effective polymer concentration is high, which leads to an extremely rigid 

crosslinked network structure that behaves as a glassy polymer matrix.    

Based on the insight gained, we explored approaches that may improve the apparent 

activity of the immobilized enzyme.  The effect of inter-fiber diffusion can be minimized by 

minimizing the thickness of the mat.  We obtained an order of magnitude increase in activity 

by reducing the electrospinning time from 4 hours to 30 minutes.  Additives to the 

electrospinning solution such as buffers and salts can improve the apparent activity of the 

immobilized enzyme, likely due to reduced intra-fiber mass transfer effects.  For example, 

adjusting the pH away from the isoelectric point of the enzyme increases the amount of 

enzyme on the surface of the fiber and results in a 5-fold improvement in apparent activity.  

Salts can be used to introduce porosity within the fiber and lead to a 3-fold improvement in 

activity.  Finally, additives to help stabilize the enzyme to prevent deactivation during 

immobilization can also improve the apparent activity of the immobilized enzyme.  Glycerol, 

a known stabilizer, improved the apparent activity by 2-fold, while raffinose, a stabilizer and 
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substrate, improved the apparent activity by 3-fold.  The stabilizer, trehalose had the largest 

effect, improving the apparent activity by an order of magnitude when incorporated into the 

electrospinning solution. 
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Chapter 5 Single-Step Immobilization of Hyperthermophilic 
Enzymes within Chemically Crosslinked PVA Nanofibers via a 

Reactive Electrospinning Method 
5.1 Abstract 

We report a single-step reactive electrospinning method to immobilize 

hyperthermophilic enzymes within chemically crosslinked polyvinyl alcohol (PVA) 

nanofibers.  The chemically crosslinking that occurred during electrospinning was sufficient 

to effectively entrap the enzyme within the fiber and no enzyme leaching was observed.  

Upon immobilization, the enzyme retained catalytic activity and its hyperthermophilic nature 

as the optimal temperature was found to be ~95°C and the activity at 90°C was an on order of 

magnitude higher than at 37°C.  Immobilization appeared to improve the thermostability of 

the enzyme as indicated by the 2-fold increase in half-life at 90°C, pH 5.5; however, the 

apparent catalytic activity was 5-fold lower than the free enzyme.  In comparing the single-

step immobilization method to alternative two-step methods, the apparent activity of 

immobilized enzyme using was significantly higher than alternative two-step methods (4 

orders of magnitude higher than non-solvent based crosslinking and 3-fold higher than vapor-

phase crosslinking).  We attribute the differences in apparent activity of the immobilized 

enzyme to differences in the network structure that result from the various crosslinking 

methods.  Differences in effective diffusivities within the various network structures could 

account for the differences in the catalytic performance of the immobilized enzyme. In the 

case of single-step immobilization, the loss of activity could be attributed to enzyme 

deactivation due to the crosslinking reaction, but with vapor-phase and acetone-based 

crosslinking mass transfer limits the apparent activity of the immobilized enzyme.  Since loss 
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of activity using the single-step immobilization method is due mainly to enzyme 

deactivation, this immobilization method may work best for intrinsically stable 

hyperthermophilic enzymes.   

5.2 Introduction 

Although enzymes are highly efficient and selective biological catalysts [1], lack of 

enzyme stability often limits their practical application [2, 138, 139]. Thus, enzymes from 

hyperthermophilic microorganisms are considered especially for promising biotechnological 

applications due to their intrinsic thermostability [6, 7, 140].  For application of biocatalysts, 

immobilization is often desirable [9, 11-13].  Key advantages of immobilization include 

improved enzyme stability, avoidance of product contamination, and ease of recovery of the 

biocatalysts which facilitates reuse [9, 11-13].  One of the foremost challenges in this field is 

that there is often an apparent decrease in catalytic activity of the enzyme upon 

immobilization 9, 11-13].  The performance of the immobilized enzyme is significantly 

affected by the structure (size and shape) of the support material [22, 23].  

Fibrous materials, nanofibers in particular, are considered promising support 

materials due to their high specific surface area [22, 23]. Nanofibrous membranes and 

nanofiber composites can be produced using electrospinning [24-26, 57-61]. In this process, 

the application of a high voltage (1-30 kV) induces the formation of a liquid jet of polymer 

solution or melt which undergoes stretching and whipping. As the liquid jet is continuously 

extended and the solvent evaporates, there is a significant reduction in the diameter of the jet 

from several hundreds of micrometers to as low as tens of nanometers. Eventually, the 

charged fiber is deposited onto a grounded collector as a random, non-woven mat of 
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nanofibers.  The materials produced using this method have high specific surface area and 

may be of use in a broad range of applications such as filtration, drug delivery, catalysis, and 

sensors [24-26, 57-61].  In particular, the use of nanofibers as solid supports for 

immobilization of biocatalysts, is especially promising.  Therefore, the aim of this work is to 

evaluate the use of electrospun nanofibers as support materials for enzyme immobilization, 

specifically hyperthermophilic enzymes.   

There have been two main approaches to utilize electrospun nanofibers as support 

materials for enzyme immobilization: surface attachment and encapsulation.  Enzymes have 

been covalently attached to the surface the electrospun nanofibers.  However, these processes 

generally employ hydrophobic materials which limits enzyme loading and often requires 

modification to increase the biocompatibility of the surface.  Encapsulation within nanofibers 

can be achieved by co-electrospinning enzymes in solution with a water-soluble polymer, 

such as polyvinyl alcohol (PVA), and immobilization can be achieved by crosslinking the 

polymer. Advantages of this approach include simplicity and ability to accommodate high 

enzyme loadings.  Therefore, we focus on the encapsulation method with PVA [19]. 

A handful of studies have begun to explore the use of chemically crosslinked 

poly(vinyl alcohol) (PVA)-based nanofibers for immobilization of biocatalysts [19, 22, 23, 

91, 100,145] with promising results.  The high specific surface area of the nanofibers offered 

improved performance when compared to film support materials [22, 91].  For example, 

lipase appeared 6 times more active than an analogous film [91]. Additionally, 

immobilization using electrospun nanofibers facilitates recovery and reuse of the biocatalyst 

[22, 145].  Immobilized acetylcholinesterase retained more than 70% of the original activity 
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after 10 reuses [145].  Further, entrapment within PVA nanofibers has been reported to 

improve biocatalyst stability at elevated temperature (up to 40°C) and humidity (up to 65% 

relative humidity) [23].  Improved storage stability at 4°C and 30°C in phosphate buffer pH 

7.4 due to entrapment within chemically crosslinked PVA fibers using vapor-phase 

crosslinking has also been reported [145].  However, the catalytic activity of the enzyme is 

often lower upon immobilization [22, 23, 91, 145], in some cases up to two orders of 

magnitude lower when compared to the free enzyme [91] and the reasons for loss in activity 

have yet to be fully established. 

In these aforementioned studies, immobilization requires post-electrospinning 

treatment of the fibers.  Since multistep techniques usually impede manufacturing processes, 

single-step methods are desirable [219].  Single-step encapsulation approaches using water-

insoluble polymers such as coaxial electrospinning to produce a water-insoluble shell around 

a protein containing core have been examined generally in the context of controlled release 

of proteins [113-118, 220, 221].  While enzyme immobilization using a coaxial 

electrospinning process has also been reported [27], coaxial electrospinning requires a 

specialized electrospinning set-up and is complicated by the need to control of multiple feed 

rates [219].  A single nozzle alternative to coaxial electrospinning such as emulsion 

electrospinning has been considered [28-31].  However, the use of water-insoluble materials 

may cause conformational changes in the enzyme resulting in deactivation due to their poor 

biocompatibility [19, 219].  Further, emulsion electrospinning typically involves surfactants 

such as SDS that can affect the structure of the protein [219].  Therefore, the goal of this 

work is to develop a single-step immobilization method for hyperthermophilic enzymes that 
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avoids the use of a specialized coaxial electrospinning set up as well as the use of water-

insoluble materials with poor biocompatibility.  We hypothesize that the crosslinking 

reaction and electrospinning of a water-soluble and biocompatible polymer can be combined 

in a single reactive-electrospinning technique based on previous work with in situ 

crosslinking of electrospun PVA fibers [124]. 

A variant of our proposed approach in which enzymes have been entrapped within 

mesoporous silica fibers by electrospinning prehydrolyzed tetramethyl orthosilicate (a silica 

precursor) and polyvinyl alcohol (PVA) with enzyme has been reported [32].    However, 

using this method, a loss of activity and loss of enzyme were reported [32].  Loss of activity 

upon immobilization and enzyme leaching from the support materials remain critical issues 

in developing appropriate immobilization methods.  

We seek to immobilize hyperthermophilic enzymes within a chemically crosslinked 

PVA fiber using a single-step reactive electrospinning process.  Effective immobilization 

using this method requires the production of uniform, enzyme-loaded fibers and that the 

resulting chemically crosslinked fibers are water-insoluble to avoid enzyme leaching. Upon 

immobilization, loss in activity could occur due to enzyme deactivation as incorporation of 

an enzyme into a solid polymer matrix by co-electrospinning and crosslinking with 

glutaraldehyde can affect the conformation of a protein [19, 146].   Apparent activity could 

also be affected by mass transfer limiting the accessibility of the substrate to the active site 

[19, 22, 23].  The role and relative effects of enzyme deactivation and mass transfer when 

using chemically crosslinked polymer nanofibers as a support material for the entrapment of 

enzymes remain important issues in evaluating the use of chemically-crosslinked PVA 
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nanofibers as a viable support material for entrapment of biocatalysts.  Comparison of the 

performance of the immobilized enzyme using a single-step reactive electrospinning process 

to chemically crosslinked fibers using previously reported crosslinking methods [22, 23] 

would also be valuable in evaluating this immobilization method.  

In this study, we used a reactive electrospinning technique to immobilize a model 

hyperthermophilic enzyme within chemically crosslinked polymer nanofibers. The apparent 

catalytic properties such as activity as a function of temperature, kinetic parameters (Km, 

vmax), activation energy, as well as thermal stability upon immobilization were examined.  

Catalytic performance in terms of thermal stability and apparent activity of the immobilized 

enzyme using the single-step method was compared to alternative two-step immobilization 

methods.  Differences in the apparent activity resulting from the various crosslinking 

methods were evaluated considering enzyme deactivation due to the crosslinking reaction, as 

well as intra-fiber and inter-fiber mass transfer limitations.    Experimental indications of 

mass transfer were supported by order of magnitude analysis using the Weisz-Prater 

criterion.   

5.3 Experimental 

5.3.1 Materials 

Polyvinyl alcohol (Mowiol 40-88, average molecular weight 205,000 g/mol, 88% 

hydrolyzed), p-nitrophenyl-α-D-galactopyranoside, p-nitrophenyl-β-glucopyranoside and 

hydrochloric acid (37% purity) were obtained from Aldrich (St. Louis, MO).  Acetic acid and 

glutaraldehyde (50% aq.) was received from Acros (Geel, Belgium). Sodium acetate and 

sodium carbonate were obtained from Alfa Aesar (Ward Hill, MA) and BDH (Poole, UK), 
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respectively. Growth media, other buffer reagents were obtained from Fisher Scientific and 

Sigma-Aldrich. All materials were used as received.  

5.3.2 Protein Purification 
α-gal 

Hyperthermophilic α-galactosidase was expressed in E. coli and purified as 

previously described [147].  Briefly, the α-galactosidase gene from Thermotoga maritima 

MSB8 (ORF TM1192) was cloned and inserted into pET24d (Novagen) as previously 

reported and transformed into E.coli [147]. E.coli containing the gene were grown in 

laboratory scale fermentors (working volume ~1.8 L) in Luria broth with kanamycin (50 

mg/L) at 37°C overnight.  Protein expression was induced by addition of isopropyl-β-D-

thiogalactopyranoside (IPTG).  The cells were lysed and centrifuged to remove cell debris.  

A portion was used as cell extract where noted and another portion was further purified.  For 

further purification the supernatant was filtered and heat treated at 70°C for 20 minutes to 

denature most E. coli proteins, which were removed by centrifugation and sterile filtered.  

The resulting material was stored at 4°C and used for further experiments (designated as heat 

treated), while the other portion was purified further using anion exchange chromatography 

based on previous reports and designated AEC purified [46].   For each level of purification, 

protein concentrations were determined using the Bio-Rad protein assay (Bio-Rad, Hercules, 

CA) with bovine serum albumin as a standard.  Samples before and after purification were 

analyzed by sodium dodecyl sulfate (SDS)-gel-electrophoresis using precast polyacrylamide 

gels.  Results from the purification are included in Table 4.1and Figure 4.1) 
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CelB 

Similarly, hypeerthermophic β-glucosidase (CelB) from Pyrococcus furiosus was 

expressed in E. coli and purified as previously described.  Briefly, the celB gene from 

Pyrococcus furiosus was cloned transformed into E.coli.  E.coli containing the gene were 

grown in laboratory scale fermentors (working volume ~1.8 L) and protein expression was 

induced with IPTG.  Harvested cells were lysed with sonication and cell debris removed with 

centrifugation.  CelB was purified using heat treatment (80°C for 30 minutes) and further by 

anion exchange chromatography.  The resulting CelB was concentrated by dialysis and 

stored in Tris buffer at 4°C for further use [197, 222, 223].   

5.3.3 Single-Step Immobilization Procedure 

Solution Preparation 

Aqueous PVA solutions were prepared by stirring mixtures of PVA and deionized 

water at 60°C until homogeneous and stored at 4°C until further use.  PVA and enzyme (α-

gal or CelB) were combined in appropriate proportions at room temperature and stirred 

briefly.  The amount of PVA used is reported as mass of PVA per mass of total solution.  The 

enzyme loading is the mass of enzyme per mass of PVA.  The polymer/enzyme solution, GA 

and HCl were combined in appropriate proportions at room temperature and stirred briefly; a 

portion of the solution was electrospun and another portion tested rheologically immediately 

after preparation.  The addition of the final component (HCl) was assumed to initiate the 

crosslinking reaction. Based on our previous work [124], we selected 7 wt.% PVA for all 

experiments as at that concentration there is sufficient molecular entanglement between 
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polymer chains to facilitate uniform fiber formation.  A 90:1 mol to mol ratio of GA to PVA, 

and a 10:1 vol to vol ration of GA to HCl were selected based on previous reports [124]. 

Rheology 

The changes in rheological properties due to the crosslinking reaction were monitored 

at 25°C using a TA instruments AR-G2 Rheometer using a 40 mm diameter, 2° cone and 

plate geometry as previously described [124].  Dynamic oscillatory shear experiments were 

performed at a frequency of 10 radians/second and a stress of 1 Pa were used for all 

experiments, because it was within the linear viscoelastic region of the solutions.  

Measurements of the elastic (G’) and viscous (G’’) modulus along with loss tangent tan δ 

(=G’’/G’) in which δ corresponds to the phase shift, were taken every 30-60 seconds for up 

to 8 hours.  

Electrospinning 

To electrospin we used a point-plate configuration [59] where approximately 1 mL of 

the PVA/enzyme/H2O/GA/HCl solution was loaded into a syringe fitted with a stainless steel 

needle (0.508 mm I.D.) and attached to a power supply (Gamma High Voltage Research, D-

ES-30PN/M692).  A flow rate of 0.5 mL/hour, collecting distance of 15 cm between the tip 

of the needle and the ground collector plate covered with foil and applied voltage (positive 

polarity) of 10-22 kV were used.  To determine how long to collect fibers for, we monitored 

the value of δ as a function time, which we have used previously to establish an 

“electrospinning window” [124].    Fibers were collected until the value of δ fell below 85°, 

typically over approximately 30 minutes.  Fibers were stored at 4 °C until further use. In 

order to determine if the electrospun material had been crosslinked, small sections of the 
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electrospun mat were cut out at various times and soaked in deionized water at room 

temperature overnight.  Samples were removed from the water and dried at ambient 

conditions for several hours before further analysis.   

5.3.4 Two-step Immobilization Methods 

 We compared the results using single-step immobilization methods with previously 

reported two-step methods [22, 23].  In these previously used methods, immobilization of 

enzymes within nanofibers requires two steps.  First, an aqueous solution of PVA and 

enzyme was prepared and electrospun.  Next, the as-spun enzyme-loaded fibers produced by 

electrospinning were chemically crosslinked with glutaraldehyde.   

Electrospinning 

 Aqueous PVA (prepared as described in the Solution Preparation section above) and 

α-gal were combined in appropriate proportions at room temperature and stirred briefly.  The 

amount of PVA used is reported as mass of PVA per mass of total solution.  The enzyme 

loading is the mass of enzyme per mass of PVA.  The solution was loaded into a syringe and 

electrospun as described above).  Fibers were typically collected over 2 to 4 hours.   

Crosslinking 

Small sections (1’’ squares) of electrospun material were cut and immersed in a non-

solvent for PVA such acetone or ethanol containing 5 vol.% glutaraldehyde and 0.12 vol.% 

HCl at ambient conditions.  Alternatively sections of the membrane were cut and placed in a 

sealed container and exposed to GA and HCl vapors at room temperature for 2.5 hours. After 

2.5 hours, the samples were dried at ambient conditions and stored at 4°C.  In some cases, 

after 2.5 hours, the samples were removed and placed in Tris buffer at ambient conditions.   
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5.3.5 Fiber Characterization 

To examine the fiber morphology of as-spun, crosslinked samples before and after 

exposure to an aqueous environment were sputter coated with a ~10 nm layer of gold and 

analyzed with a scanning electron microscope (SEM, FEI XL-30) at 5 kV.  The average fiber 

size and standard deviation were determined by measuring the diameter of 100 fibers using 

ImageJ software. 

5.3.6 Activity Assay 

α-gal 

α-gal activity was measured using previously reported assay by monitoring the  

enzymatic release of p-nitrophenol (pNP) from pNP-α-D-galactopyranoside via the UV 

absorbance at 405 nm [46].  Briefly, free and immobilized enzymes were incubated in pNP-

α-D-galactopyranoside in 58.3 mM sodium acetate buffer (pH 5.5) at concentrations between 

0.2 and 5 mM (standard 4.43 mM) and temperatures between 37 and 120°C (standard 75°C).  

After some time (depending on the temperature and the mass of enzyme present), 1M sodium 

carbonate was added to stop the reaction.  The amount of pNP converted in the assay time 

was determined by measuring the UV absorbance of the reaction media at 405 nm using a 

Jasco V550 spectrophotometer.  Water was used as a control to account from the any pNP 

converted due means other than enzymatic release.  Activities reported are in units of mol of 

pNP per minute under the specified assay conditions per μg of enzyme present.  The mass of 

immobilized enzyme was determined from the mass of membrane crosslinked and the known 

enzyme loading. Activities measurements were made at least in triplicate.  
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Kinetic Parameters 

To determine the kinetic parameters for the hydrolysis of pNP-α-D-galactopyranoside 

small sections of electrospun material (single-step immobilization) were cut into small pieces 

of equal mass (~1.5 mg).  For comparison, small sections of electrospun material were cut 

into small pieces of equal mass (~10 mg) and then crosslinked using vapor-phase or acetone-

based crosslinking.  The initial rate of hydrolysis was determined from the 

spectrophotometric assay using initial concentrations of 0.2 and 1 mM in 58.3 mM sodium 

acetate buffer, pH 5.5.  The kinetic parameters were determined from Lineweaver-Burk plots 

of initial rates of hydrolysis measured at various substrate concentrations [148-150]. 

Thermal stability 

To assess the thermal stability of immobilized α-gal, small sections of electrospun 

material were cut into small pieces of equal mass (~1.5 mg) and incubated α-gal in 58.3 mM 

sodium acetate buffer, pH 5.5 at 90°C for predetermined amounts of time and then the 

residual activity in the washed fibers was measured using the standard substrate 

concentration at a temperature of 90°C.  The half-life at 90°C, pH 5.5 was estimated from the 

slope of a semi-log plot of fractional activity versus time assuming enzyme inactivation 

occurred in a single-step process, similar to previous reports [151, 152].  For comparison, the 

free enzyme was incubated under the same conditions.  After specified amounts of time, the 

residual activity was determined using the standard substrate concentration at 90°C.  

Enzyme Leaching 

 To evaluate enzyme leaching during the activity assay, samples were removed from 

the acetone-based crosslinking reaction media or vapor-phase crosslinking container and 
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placed directly in Tris buffer.  For in situ crosslinking, the electrospun and crosslinked fibers 

were allowed to age for approximately 24 hours before washing.  The samples were washed 

in Tris for specified amounts of time the sample then removed and allowed to dry briefly at 

ambient conditions before being stored at 4°C.  For each crosslinking method, we did two 

washes, a short wash 5-15 minutes and a long wash which was the length of a typical activity 

assay (35 minutes for in situ crosslinked samples, 3 hours for vapor-phase crosslinked 

samples, and 48 hours for acetone-based crosslinked samples).  Residual activity remaining 

in the washed samples was measured under standard conditions at 75°C. 

Effect of Crosslinking Reaction Reagents on the Free Enzyme 

To determine the effect of GA and HCl on α-gal, a small amount of GA, HCl, or GA 

and HCl was added to α-gal.  After some time, the activity of the treated α-gal was then 

measured.  To examine the effect of GA and HCl on α-gal in the vapor-phase, a small 

amount of α-gal was placed in a vial and the vial was placed in a sealed container at room 

temperature with GA, HCl or GA and HCl.  We also exposed a small amount of α-gal to 

acetone (~300 μL), acetone and GA, acetone and HCl, and acetone, GA and HCl and allowed 

the acetone to evaporate over several hours.  The amount of GA (5 vol.%) and HCl (0.12 

vol.%) were the same as what was used in the crosslinking reaction.  The activity after 

exposure to GA and/or HCl vapor, acetone, or acetone with GA and/or HCl was measured 

under standard conditions at 75°C.  

CelB 

CelB activity was measured using previously reported assay by monitoring the 

enzymatic release of p-nitrophenol (pNP) from p-nitrophenyl-β-D- glucopyranoside via the 
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UV absorbance at 405 nm [224].  Briefly, free and immobilized enzymes were incubated in 

4.43 mM p-nitrophenyl-β-D- glucopyranoside in 58.3 mM sodium acetate buffer (pH 5.0) 

between 37 and  120°C.  After some time (depending on the temperature and the mass of 

enzyme present), 1M sodium carbonate was added to stop the reaction.  The amount of pNP 

converted in the assay time was determined by measuring the UV absorbance of the reaction 

media at 405 nm using a Jasco V550 spectrophotometer.  Water was used as a control to 

account from the any pNP converted due means other than enzymatic release.  Activities 

reported are in units of mol of pNP per minute under the specified assay conditions per μg of 

enzyme present.  The mass of immobilized enzyme was determined from the mass of 

membrane crosslinked and the known enzyme loading. Activities measurements were made 

at least in triplicate.  

5.4 Results and Discussion 

5.4.1 Single-step Immobilization Method 

Our first aim was to develop a single-step method for the immobilization of 

hyperthermophilic enzymes within chemically crosslinked polymer nanofibers. To this end, 

we combined PVA and α-gal with a chemical crosslinking reagent glutaraldehyde and 

catalyst HCl immediately prior to electrospinning.  In the presence of a strong acid, the 

glutaraldehyde reacts with the hydroxyl groups of the PVA forming acetal bridges or ether 

linkages [40] decreasing the hydrophilicity of the polymer [41].  By incorporating the 

enzyme into electrospinning solution, it was entrapped within the chemically crosslinked 

polymer network.  In previous work, we found that the crosslinking reaction caused gelation 

of the electrospinning solution leading to significant changes in rheological properties as a 
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function of time [124]. To begin, we examined how the presence of the α-gal affected the 

rheological properties of the crosslinking systems, as well as the resulting fiber structures.  

Dynamic rheological properties of the PVA/α-gal/H2O/GA/HCl solutions were monitored as 

a function of time in parallel with the electrospinning process.  Figure 5.1(A) shows the 

complex viscosity (η*) and phase angle (δ), and Figure 5.1 (B) shows the viscous (G’’) and 

elastic (G’) modulus for a typical solution undergoing in situ crosslinking in the rheometer.  

We found that at the time scales shown, PVA/α-gal with either GA or HCl alone exhibited no 

time dependent behavior. However, PVA samples containing both GA and HCl underwent 

substantial change in rheological behavior with time; the systems started with G’’<G’ and 

then became more elastic where G’>G’’.  When the reaction began both G’ and G’’ 

increased, but in the same proportion so the phase angle δ, a measure of the ratio viscous 

modulus to the elastic modulus, remained constant (~90°).  Later, the elastic modulus (G’) 

increased more relative to the increase in the viscous modulus, leading to a decrease in δ.  

The measurements were stopped when the value of δ fell below 15° so that the relevant part 

of the rheology curve was captured, i.e., time required to reach the “gel point” [124, 153].  

The presence of the enzyme slowed the changes in rheological properties as the onset of the 

decrease in δ is delayed.  The magnitude of the delay (as measured by the time to reach δ = 

45°) increased with enzyme loading (Figure 5.2).  The delay may be attributed to 

glutaraldehyde interactions between protein molecules or between protein and polymer, 

presumably through crosslinking of the ε-amino group of lysyl residues usually on the 

surface of the protein [19, 134].  However, the chemical nature of the reaction between 

glutaraldehyde and protein is not clearly understood and multiple mechanisms may be 
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involved [134].  Because the GA in the system interacted with the protein (protein-protein 

and protein-PVA interactions), PVA-PVA interactions with GA occured less frequently, thus 

the change in δ was delayed.  Interestingly, the effect of enzyme loading on the magnitude of 

the delay is much greater in the case of heat treated α-gal when compared to with BSA [153] 

as the time to δ = 45 scales with [α-gal]1.3 compared to [BSA]0.6 despite having comparable 

molecular weights.  We attribute the increased dependence in the case of α-gal to the 

presence of high molecular weight impurities. 
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Figure 5.1 Time dependent rheology of PVA/GA/HCl solutions measured at a frequency 
of 10 rad/s and stress of 1 Pa.  (a) Complex viscosity (η*) and phase angle (δ), and (b) 
viscous (G’’) and elastic (G’) moduli, as functions of time during in situ crosslinking, 
shown for a representative sample (7 wt. % PVA, 90:1 mol: mol ratio of GA:HCl, 10:1 
vol:vol ratio GA:HCl with and without 0.1% α-gal loading). 
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Figure 5.2 Effect of α-gal loading on in situ rheology 
 
 
 

Since changes in viscosity and viscoelasticity affect fiber formation [25] we aimed to 

collect fibers before the viscosity of the electrospinning solution increased significantly. 

Based on our previous work, the most convenient parameter to the changes in viscosity was δ 

and fibers were collected before δ dropped substantially (δ ≥ 85°) based on the 

electrospinning window for 7 wt.% PVA established previously [124]. Using this criterion, 

we were able to generate uniform α-gal loaded fibers (Figure 5.3), confirming our hypothesis 

that we could combine the crosslinking reaction and electrospinning of a water-soluble and 

biocompatible polymer in a reactive-electrospinning technique based to produce enzyme-

loaded and chemically crosslinked PVA fibers.  The average fiber diameter of the in situ 

crosslinked α-gal loaded fiber was 283 nm ±73 nm (Figure 5.3 (C)), comparable to PVA/α-

gal without GA and HCl which was 279 ± 70 nm (Figure 5.3 (A)).  Therefore, at the enzyme 

loading used (0.1%), the presence of the α-gal did not affect significantly affect the reactive 
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electrospinning of PVA.  Effective immobilization requires that the chemically crosslinked 

fibers are water-insoluble to avoid enzyme leaching.  Further, maintaining the structure of the 

fiber is desirable to capitalize on the high specific surface area of the electrospun nanofibers.  

So, we examined the fiber structure after soaking in water overnight.  The fiber size (260 ± 

48 nm) was not greatly affected by soaking in water (Figure 5.3 (E)).  The as-spun fibers 

maintain their structure after being exposed to aqueous media suggesting that the in situ 

crosslinked fibers may be a convenient support for the immobilization of enzymes.   

 
 

 
 

Figure 5.3. SEM micrographs and fiber size distributions of (a), (b) 7 wt.% PVA and 
0.1% α-gal, (c), (d) in situ crosslinked PVA, and (e), (f) in situ crosslinked PVA soaked 
in water overnight (90:1 mol:mol ratio GA:HCl, 10:1 vol:vol ratio GA:HCl) with a 5 
micron scale bar. 
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Using this single-step process, we are able to produce enzyme-loaded fibers that are 

chemically crosslinked within ~30 minutes.  For comparison, we use two-step methods that 

involve electrospinning for 30 minutes to 8 hours and crosslinking for 2.5 hours.  Other two-

step methods have required 24 hours of electrospinning and up to 24 hours of post-

electrospinning treatment [23].  The single-step process we describe significantly accelerates 

the immobilization process, reducing the procedure by at least 6-fold. 

5.4.2 Immobilized Enzyme Characterization 

Effect of Temperature 

We next focused on probing the catalytic activity of the immobilized enzyme.  

Because we were working with a hyperthermophilic enzyme, we were particularly interested 

in the performance of the immobilized enzyme at elevated temperatures.  After confirming 

that immobilized α-gal retained catalytic activity at 75°C, we examined the specific activity 

of the free and immobilized α-gal as a function of temperature using the cell extract.   Figure 

5.4shows the specific activity for free and immobilized normalized to the respective 

maximum specific activity.  Both the free and immobilized enzymes were optimally active at 

~95°C, as expected for the free enzyme [46].  The hyperthermophilic nature of the α-gal was 

retained after immobilization, as the specific activity of the immobilized enzyme at 95°C was 

an order of magnitude higher than the specific activity at 37°C. We note that diffusion is also 

expected to increase with increasing temperature.   The effect of temperature on effective 

diffusivity of small molecules in polymer systems is typically described with an Arrhenius-

type equation [154, 155].  Since the activation energies reported for small molecules in 

polymer systems [154, 155] are comparable to the activation energy of the free enzyme (on 
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the order of 10 kJ/mol), we speculate the relative effect of mass transfer on apparent activity 

is comparable for all temperatures. We also note that the activity of the immobilized 

normalized to the maximum immobilized enzyme activity appears to follow closely with the 

free enzyme activity when normalized in the same way at temperatures above and below the 

measured glass transition temperature of the crosslinked PVA fibers (Tg of 85.3 ± 0.9°C 

[124]) despite the fact that mass transfer may be significantly enhanced above the glass 

transition temperature [193].    

 
 

 
 

Figure 5.4. Specific activity of free and immobilized α-gal as a function of temperature 
normalized to the maximum specific activity of the free and immobilized enzyme, 
respectively. 
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Effect of Purification Level  

We also examine the effect of purification on the performance of the immobilized 

enzyme using different purifications of enzyme preparations prepared.  The least purified 

preparation was the cell extract (which was the lysed cell extract centrifuged to remove cell 

debris).  The next level of purification was the heat treated enzyme preparation (the cell 

extract heat treated to denature most E. coli proteins, centrifuged to remove the denatured 

proteins, and sterile filtered).  The highest level of purification was the heat treated enzyme 

preparation purified using anion exchange chromatography (AEC), which we designate as 

AEC purified.   

In Table 5.1 we show the activity of the immobilized enzyme at a given purification 

level relative to the starting material prior to immobilization.  For example, the specific 

activity of immobilized heat-treated enzyme preparation is reported as a percentage of the 

heat-treated enzyme preparation (referred to as free enzyme). Notably, the purification level 

greatly affected the apparent retained activity of the immobilized enzyme.  The intermediate 

purification level (heat treated) yielded the highest apparent retained activity upon 

immobilization; the apparent activity was at least an order of magnitude higher than other 

levels of purification.  The difference in retained activity between the cell extract and heat 

treated cell extract may be due to the presence of high molecular weight contaminants such 

as native E. coli proteins.  These contaminants may interfere with the immobilization process 

leading to lower immobilization efficiency as has been observed previously when 

immobilizing α-rhamnosyl-β-glucosidase on chitosan beads [225].  Further, interactions 

between the contaminants and the α-gal with glutaraldehyde may reduce α-gal activity.  The 
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difference in retained activity between the heat treated enzyme preparation and the AEC 

purified enzyme preparation suggests that some components of the intermediate purification 

may have protective effects on α-gal during immobilization as has been previously observed 

[225].  These results further suggest that the protein present interacts with glutaraldehyde 

during electrospinning and crosslinking. Due to ease of preparation, the heat treated enzyme 

preparation is used for further experiments.    
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Table 5.1 Effect of purification level on apparent activity of immobilized enzyme at 
75°C as a percentage of the free enzyme at 75°C. 
 

Purification Step 
Apparent Activity 

(% of Free) 
Std. error 

Lysed Cell 
Extract 1.0 16% 

Heat Treated 30. 9.2% 
Anion Exchange 
Chromatography 0.3 19% 

 
 
 
Kinetic Parameters and Activation Energy 

 We further investigated kinetic properties such as Km (Michaelis constant) and vmax 

(maximum velocity of the reaction at infinitely large substrate concentrations) as well as 

activation energy (Table 5.2). The apparent Km of the enzyme was not significantly affected 

by immobilization and the vmax was slightly lower (~2-fold), but on the same order of 

magnitude as the free enzyme similar to previous reports of thermophilic α-amylase 

immobilized within 2-hydroxyethylmethacrylate and glycidyl methacrylate copolymer 

hydrogel membranes [226] as well as hyperthermophilic β-glycosidase immobilized on 

chitosan using glutaraldehyde [227].  Decreases in vmax upon immobilization may be 

attributed to diffusion limitations or structural changes in the enzyme [148, 163, 164].  

Despite the slight decrease in vmax , the evaluation of the kinetic parameters of the 

immobilized enzyme indicate that these crosslinked fibers may be a promising support 

material for enzyme immobilization since Km and vmax being on the same order of magnitude 

as the free enzyme suggests that the catalytic function of the α-gal is not significantly 

impaired by this immobilization method [225].   
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Table 5.2 Properties of free and immobilized α-gal using in situ crosslinking where vmax 
is normalized to the mass of enzyme in μg 
 

 Free Immobilized 

Km (mM) .28 ± .04 0.28± .18 

vmax (mol·min-1) 3.1(±0.3)·10
-7

 1.7(±0.5)·10
-7

 
Ea (kJ·mol-1) 49.7 ± .6 49.9 ± .2 

  
 
 

We also estimated the activation energies of the immobilized enzyme using both the 

single-step based on the slope of an Arrhenius plot of initial rate as a function of temperature 

(Figure 5.5).  It is interesting to note that the activity (initial rate) actually decreases slightly 

with increasing temperature for temperatures above 75°C (Figure 5.5).  This decrease 

suggests that at temperatures below 75°C enzyme kinetics are rate limiting, but as 

temperature increases to above 75°C diffusion becomes rate limiting similar to previous 

work [228] and as predicted by Ollis [169].    
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Figure 5.5. Arrhenius plot for free and immobilized enzyme for the single-step 
immobilization method 
 
 
 
Thermal Stability 

Since one of the goals of immobilization is improved enzyme stability [170, 171], we 

examine the thermal stability of the immobilized enzyme.  To most closely simulate the 

conditions under which the α-gal would be used, we chose a pH of 5.5.  As a measure of 

thermal stability, we monitored the loss of activity of the immobilized enzyme as a function 

of incubation time at 90°C.  Based on this loss of activity decay, we estimated the half-life of 

the immobilized enzyme which we used as a metric for thermal stability.  Single-step 

immobilization resulted in a half-life of approximately 40 minutes whereas the free enzyme 

at the same conditions had a half-life of about 20 minutes, a 2-fold improvement in thermal 

stability.  This result is similar to previous reports of improved thermal stability of 
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thermophilic [160, 172-174] and hyperthermophilic [175-177] enzymes upon 

immobilization. Stabilization of enzymes immobilized within a porous solid in this case is 

considered to be due to prevention of interaction with potentially damaging molecules found 

in the cell extract as well as interaction with hydrophobic surfaces [170].  Additionally the 

crosslinking reaction may promote covalent interactions between the enzyme and the fiber 

which may enhance the rigidity of the enzyme structure leading to increased stability [170].  

Further, crosslinking between enzyme molecules may occur which may improve stability by 

preventing subunit dissociation of the α-gal dimer [46, 171, 178]. 

Enzyme Leaching 

Upon immobilization, enzyme leaching from the support material is a concern [229].  
To determine if enzyme was leaching from the crosslinked fibers, we washed the fibers 
produced using the single-step immobilization method for increasing amounts of time 
measured the activity remaining in the washed fibers.  Using a short wash of 5 minutes 
long wash of 35 minutes (based on the length of a typical activity assay), the apparent 
activity of the enzyme immobilized within the fibers was not affected by washing ( 

Table 5.3).  Since activity is not lost with increasing amounts of washing, we believe 

that this is evidence that a significant amount α-gal in the fibers is not leaching from the 

fibers in the time frame over which the activity is measured.  This finding suggests that α-gal 

is effectively entrapped within the chemically crosslinked fiber by the single-step 

immobilization method and confirming our hypothesis.   
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5.4.3 Comparison of Crosslinking Methods 

 Next, we focused on comparing the performance of the immobilized enzyme using 

the single-step method with alternative two-step immobilization methods.  In the two-step 

methods, the PVA and enzyme were combined and electrospun to produce enzyme-loaded 

fibers, and the fibers were treated post-electrospinning to chemically crosslink the polymer.  

Post-electrospinning crosslinking was achieved by exposing the as-spun enzyme loaded 

fibers to GA vapor (vapor-phase) or GA dissolved in a non-solvent for PVA such as acetone 

(acetone-based). 

Enzyme leaching 
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First, we ensured that the alternative crosslinking methods effectively entrapped the 
enzyme within the nanofibers so that enzyme leaching was avoided.  To determine if 
leaching occurred when using the different crosslinking methods, we introduced a 
step with Tris buffer after crosslinking.  After various amounts of time (5 minutes to 48 
hours) the fibers were removed and the residual activity remaining in the fibers was 
measured.  For each crosslinking method, we did two washes, a short wash 5-15 
a long wash which was the length of a typical activity assay (3 hours and 48 hours for 
phase and acetone-based crosslinking methods, respectively).  Interestingly, with 
based and vapor-phase crosslinking the initial wash with Tris resulted in an increase in 
apparent activity over unwashed samples.  Using acetone-based crosslinking the 
activity improved by 30-fold and using vapor-phase crosslinking the apparent activity 
improved by 2-fold after an initial wash ( 

Table 5.3). The introduction of a washing step may prevent the fibers from drying out 

which may better maintain the microenvironment of the immobilized enzyme as well as 

affect the effect diffusivity of the fibers [231].  Additionally, the Tris may actually quench 

the crosslinking reaction as Tris has been used previously to cap unreacted aldehydes [179].  

Therefore, the initial wash may quench the crosslinking reaction, effectively reducing the 

time of the crosslinking reaction which has led to improved apparent activity in previous 

studies [22, 23].  Importantly, with both vapor-phase and  acetone-based crosslinking, after 

the initial increase in activity due to the short wash there was no decrease in apparent activity 

of the washed fibers with the longer washes.  Since no activity is lost with further washing, 

we deduce that enzyme is not leaching from the fiber and chemical crosslinking using vapor-
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phase and acetone-based methods are sufficient to effectively entrap the α-gal within the 

polymer fiber.   

 
 
Table 5.3 Effect of washing in Tris buffer on apparent activity of immobilized α-gal.  A 
short wash was 5-15 minutes, and a long wash was the approximate length of an activity 
measurement (35 minutes for in situ, 3 hours for vapor, 48 hours for acetone). 
 

 In Situ Vapor Acetone 
No wash 1.1(±0.1)·10-8  3.5(±0.7)·10-11  2.0(±0.3)·10-12 

Short wash  1.2(±0.1)·10-8    6.5(±1.9)·10-11 5.8(±0.5)·10-11 
Long wash  1.1(±0.1)·10-8    1.3(±0.3)·10-10 5.9(±0.9)·10-11 

 
 
 
Thermal stability and apparent enzyme activity 

Next, we considered the performance of the immobilized enzyme using the different 

crosslinking methods in terms of thermal stability as well as catalytic activity relative to the 

free enzyme.  We use the apparent half-life at 90°C, pH 5.5 as a measure of thermal stability.  

As shown in Figure 5.6(A), acetone-based crosslinking resulted in the longest apparent half-

life of about 110 minutes.  Vapor-phase crosslinking resulted in a half-life of approximately 

70 minutes and the single-step crosslinking resulted in a half-life of approximately 40 

minutes.  In all cases, the immobilized enzyme had longer apparently half-lives (at 90°C, pH 

5.5) than the free enzyme at the same conditions (about 20 minutes).  Single-step 

immobilization yielded a 2-fold improvement in half-life, compared to 3.5-fold and a 5.5-

fold increase using vapor-phase and acetone-based crosslinking, respectively. As mentioned 

previously, enzyme immobilization using multipoint covalent attachment to porous supports 

attributed to increases in stability to increases in number of bonds that attach the enzyme to 
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the surface [172].  Therefore, the observation that apparent half-lives are higher using two-

step methods when compared to the single-step immobilization may be evidence vapor-phase 

and acetone-based crosslinking results in more bonds between PVA/enzyme and GA than 

when using the single-step reactive electrospinning method.   
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Figure 5.6. Comparison crosslinking methods: (A) apparent half-life in minutes and (B) 
retained apparent activity of immobilized enzyme at 75°C (expressed as a percentage of 
free enzyme) using different crosslinking methods: in situ, vapor-phase, and acetone-
based crosslinking. 

 
 
 

We also compared the retained apparent activities of the immobilized enzyme when 

using the single-step and two-step immobilization methods. We note that in terms of kinetic 

parameters, Km was not significantly affected by immobilization using any of the 

crosslinking methods; however, vmax was affected by the crosslinking method following the 

same trend as the apparent activity ( 
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Table 5.4).  Therefore, we used apparent activity as a metric for comparison of 

catalytic performance for the different crosslinking methods.  As shown in Figure 5.6 (B), the 

apparent activity is significantly higher using single-step immobilization than other two-step 

methods.  In the case of acetone-based crosslinking, the retained apparent activity is 

approximately 0.01%.  We experimented with alternative solvents, namely ethanol, based on 

previous reports [23].  Wang and Hsieh immobilized lipase within electrospun PVA fibers 

chemically crosslinked in ethanol.  They observed a 20-fold decrease in lipase activity 

compared to the crude lipase when crosslinking with 0.1 M glutaraldehyde in ethanol, but a 

complete loss in activity when using 1 M glutaraldehyde.  We used an intermediate 

glutaraldehyde concentration (approximately 0.3 M), and observed approximately 0.01% 

apparent activity retained in the immobilized enzyme when compared to the free enzyme, 

comparable to when using acetone as the base of the crosslinking reaction.  When using 

vapor-phase crosslinking, the apparent activity retained by the immobilized enzyme is 

approximately 5%, an improvement of 2 orders of magnitude when compared to the acetone-

based immobilization method.  According to Wu et al. the vapor-phase immobilization 

method offered improvement in retained activity over ethanol-based immobilization 

methods, which is comparable to our findings.  However, the apparent activity of the 

immobilized enzyme in this study is significantly lower than has been reported previously 

when immobilizing cellulase within electrospun PVA fibers chemically crosslinked with 

glutaraldehyde vapor [22].  This could be because the fibers that they produced were 

significantly affected by exposure to water as they became swollen and fused after 

crosslinking whereas the fibers we produced maintained their structure after crosslinking and 
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soaking in water at room temperature and 75°C (Figure 5.7). This difference in fiber structure 

after crosslinking and exposure to aqueous media may indicate a difference in degree of 

crosslinking (as a higher degree of crosslinking would result in less swelling) which may 

affect the structure of the enzyme [22, 23] as well as diffusion of the substrate and product 

[194, 230, 231].  While our results are consistent with these previous reports in that vapor-

phase crosslinking resulted in higher apparent activities than ethanol-based crosslinking, 

direct comparison is complicated by differences in enzyme preparation.  We suspect that the 

activity of an enzyme that is compared to the lyophilized form (used in previous studies) may 

be less affected by immobilization than α-gal that has not been freeze-dried (used in this 

study).  Additionally, the previous studies with lipase and cellulase use significantly higher 

enzyme loadings than we use in this study, which could result in higher apparent activities.  

At higher enzyme loadings, a greater fraction of the immobilized enzyme could be accessible 

to the substrate, reducing mass transfer effects.   

 
 
Table 5.4 Properties of free and immobilized α-gal for three crosslinking methods: in 
situ, vapor-phase, and acetone-based crosslinking where vmax is normalized to the mass 
of enzyme in μg 
 

 Free In Situ Vapor Acetone 

Km (mM) .28 ± .04 0.28± .18 0.28± .15 0.28± .18 

vmax (mol·min-1) 3.1(±0.3)·10
-7

 1.7(±0.5)·10
-7

 6.3(±2.4)·10
-9

 2.3(±0.9)·10
-11 
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Figure 5.7 SEM micrographs of (A) electrospun 7 wt.% PVA, 0.1% α-gal fibers, (B) 
electrospun 7 wt.% PVA, 0.1% α-gal fibers after vapor phase crosslinking with 
glutaraldehyde, (C) crosslinked 7 wt.% PVA, 0.1% α-gal fibers after soaking in 
deionized water at room temperature overnight, and (D) crosslinked 7 wt.% PVA, 0.1% 
α-gal fibers after activity assay at 75°C.    
 
 
 

The single-step immobilization method yielded significantly higher apparent activity 

retained by the immobilized enzyme when compared to the alternative two-step 

immobilization methods. The enzyme retained close to 20% of the activity compared to the 

free enzyme, comparable to previous reports [22, 23, 145]. The retained activity was 4 orders 

of magnitude higher than acetone-based or ethanol-based crosslinking and approximately 3-

fold higher than vapor-phase crosslinking.  These results in retained activity are the opposite 
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of the results obtained with apparent half-life, as the longest half-life was obtained with 

acetone-based crosslinking and shortest with single-step crosslinking which highlights the 

typical trade-off between improved stability and apparent activity of immobilized enzymes 

[152].  With this trade-off in mind, single-step crosslinking offers a good balance in that the 

retained activity is far superior to two-step crosslinking methods while also offering a 2-fold 

improvement in thermal stability.  

5.4.4 Reasons for Decreased Apparent Activity upon Immobilization  

Given the effect of crosslinking method on the apparent retained activity of the 

enzyme, we next explored possible reasons for the lower activity and their relative 

importance with the aim of elucidating the key differences among the crosslinking methods.  

The decreased activity could be attributed to a number of factors including: lack of exposure 

and access to the substrate, and changes in the conformation of the enzyme due to 

electrospinning and/or crosslinking [22, 23].  

One critical concern that may explain the loss of activity upon immobilization is loss 

in conformation of the enzyme during immobilization.  Previous work immobilizing lipase 

within electrospun PVA fibers has shown that the electrospinning process and entrapment 

within the PVA fiber does not significantly affect the catalytic activity of the enzyme.  

However, crosslinking the PVA using ethanol-based crosslinking resulted in decreased 

activity, which suggests the crosslinking media may affect the activity of the immobilized 

enzyme [23].  To determine the extent to which the crosslinking reactions affect the 

conformation of the enzyme, we examine the effect of acetone, GA, and HCl on the free 

enzyme.   
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To mimic acetone-based crosslinking, we exposed the free enzyme to acetone, 

acetone with GA, acetone with HCl or acetone with GA and HCl for 3 hours (approximately 

the time required to render PVA fibers insoluble).  Interestingly, the activity of free enzyme 

was not greatly affected by exposure to acetone for this period of time (Figure 5.8).  

Therefore, exposure to acetone is unlikely the cause of the loss of activity upon 

immobilization.  When the free enzyme is exposed to acetone and GA, the activity is lowered 

by ~70% (Figure 5.8).  The combination of acetone with HCl had less of an effect than 

acetone and GA as the activity of the enzyme was decreased by ~50% when exposed to HCl 

in acetone.  Thus, the acidic conditions of the crosslinking reaction may affect the activity of 

the immobilized enzyme.  The combination of acetone, GA and HCl had the largest effect of 

the activity of the free enzyme as the activity of the free enzyme was less than 25% of free 

enzyme not exposed to the combination of acetone with GA and HCl.   

 
 

 
 

Figure 5.8. Effect of acetone in combination with glutaraldehyde and HCl, 
glutaraldehyde and HCl vapor, as well as glutaraldehyde and HCl on the free enzyme 
measured at 75°C. 
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To simulate vapor-phase crosslinking, we exposed the free enzyme to GA vapor, HCl 

vapor, or a combination of GA and HCl vapor (Figure 5.8).  Upon exposure to GA vapor, 

HCl vapor or GA and HCl vapor, the activity of the enzyme was decreased by about 50%.  

However, the loss of activity upon immobilization was 2 orders of magnitude lower 

compared to the free enzyme and the effect of the reagents of the crosslinking reaction 

accounts for only a small portion of the loss of activity.  To compare vapor-phase and 

acetone-based crosslinking, the free enzyme was slightly less affected by exposure to GA and 

HCl in the vapor-phase compared to GA and HCl in acetone.  The activity of the free enzyme 

exposed to GA and HCl in the vapor phase was 2-fold higher than when exposed to GA and 

HCl in acetone.  However, upon immobilization using vapor-phase crosslinking the activity 

was 2 orders of magnitude higher than when using acetone-based crosslinking.  Thus, the 

difference in immobilized enzyme activity using vapor-phase crosslinking compared to 

acetone-based crosslinking is only partially due to the effect of the reagents in the 

crosslinking reaction in the vapor phase versus in acetone.   

Finally, to approximate the reactive electrospinning process we added GA, HCl or 

GA and HCl directly to the free enzyme (Figure 5.8).  The addition of GA to the free enzyme 

reduced the activity by over 80%.  HCl added to the free enzyme has less of an effect, 

reducing the activity by approximately 50%, which suggested the acidic conditions required 

for the crosslinking reaction had a deleterious effect on the enzyme activity similar to 

previous reports in which deactivation at acidic pH was attributed to dissociation of subunits 

[152].  When both GA and HCl were added to the free enzyme, the activity decreased by 

approximately 90%.  Therefore, both acidic conditions and chemical modification by GA 



156 
 

 

affect the activity of the enzyme.  Notably, the addition of GA and HCl directly to the free 

enzyme affect activity more than when the enzyme is immobilized using the single-step 

immobilization method.  In fact, the presence of PVA improves the retained activity by 

almost 2-fold, which indicates that PVA may have a protective effect on the enzyme during 

single-step immobilization.  Hydrophilic, inert polymers have been reported to improve the 

recovered activity of an immobilized enzyme; the presence of the hydrophilic polymer is 

thought to help maintain the hydrophobic groups within the protein, helping to maintain the 

properly folded structure [232]. 

 Another reason that immobilized enzymes often show lower apparent activity than 

the free enzyme is mass transfer limitations of the substrate and product [22, 23, 233].  In this 

immobilization system, we must consider both intra- and inter-fiber diffusion.  In the next set 

of experiments, we vary the enzyme loading.  In the initial experiment, we varied the enzyme 

loading from 0.05% to 0.2% and examined the apparent specific activity of the immobilized 

enzyme (per mass of enzyme immobilized). In the absence of mass transfer, we would expect 

that the specific activity of the immobilized enzyme (per mass of enzyme) would be 

independent of enzyme loading.  Using acetone-based crosslinking, the apparent specific 

activity of the immobilized enzyme is not affected by varying the enzyme loading (Figure 

5.9(A)).  We note that the electrospinning time and thus mat thickness (directly proportional 

to electrospinning time [186, 187]) was kept constant when using acetone-based crosslinking.  

Interestingly, using in situ crosslinking the apparent specific activity decreased with 

increasing enzyme loading (Figure 5.9 (A)).  As we mentioned previously, the 

“electrospinning window” or time over which to collect fibers (time to δ > 85°) increased 
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with higher enzyme loadings.  As a result, the electrospinning time and mat thickness 

increased; therefore, the decrease in activity could be due to increased mass thickness 

(indicating inter-fiber mass transfer limitations) or increased exposure time to GA and HCl 

which may deactivate the enzyme.  Decreases in retained activity with increasing enzyme 

loading has been previously reported and attributed to enzyme deactivation [134, 234, 235].  

In a separate experiment using acetone-based crosslinking, we varied the electrospinning 

time while holding the enzyme loading constant and determined that the apparent specific 

activity of the immobilized enzyme was inversely proportional to electrospinning time 

(Figure 4.8(B)).  Thus, inter-fiber mass transfer may limit the apparent activity of the 

immobilized enzymes in these fiber support systems. With inter-fiber diffusion effects, 

additional enzyme in the additional layers of nanofibers are not accessible and only enzyme 

immobilized in the outermost fibers contribute to the apparent activity.  Similar findings in 

which a solid support reduced mass transfer to some layers of nanofibers reduced the 

apparent activity of the immobilized enzyme have been previously reported with lipase 

immobilized within electrospun PVA fibers [91].  Further, we may be underestimating the 

specific activity of the enzyme that does contribute to the measured apparent activity by 

assuming all of the enzyme-loaded in the fibers contributes to the apparent activity.   
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Figure 5.9.  (a) Effect of enzyme loading on apparent activity of immobilized α-gal  
enzyme for three crosslinking methods: in situ, vapor-phase, and acetone-based 
crosslinking (b) effect of enzyme loading keeping the electrospinning time/mat thickness 
constant. 
 
 
 
 In the next experiment, we varied the enzyme loading while maintaining a constant 

the electrospinning time (30 minutes) and thus mat thickness.  In this experiment, varying the 

enzyme loading as a function of activity per mass of fibers allowed us to investigate the 

effect of intra-fiber diffusion.   In the absence of significant intra-fiber diffusion limitations, 

the apparent activity should be directly proportional enzyme loading [182].  In the case of in 
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situ crosslinking, we observed a linear increase in apparent activity with increasing enzyme 

loading (Figure 5.9 (B)).  As the enzyme loading increaseed 4-fold from 0.05% to 0.2%, we 

observed an approximate 8-fold and 4-fold increase in apparent activity per mass of fibers (in 

mg) using single-step crosslinking and vapor-phase crosslinking, respectively.  Interestingly, 

with single-step crosslinking there was more of an improvement in apparent activity than 

vapor-phase crosslinking with the same increase in enzyme loading.  The difference between 

single-step and vapor-phase crosslinking may be attributed to surface enrichment of the 

enzyme that may occur during single-step crosslinking as HCl is required to catalyze the 

crosslinking reaction, and decreasing pH can increase the amount of protein on the surface of 

the fibers compared to a pH near the isoelectric point (as is the case in the two-step 

immobilization process) [153].  In contrast, using acetone-based crosslinking, there was little 

increase in activity with increased enzyme loading.  Even increasing the enzyme loading by 

10-fold (from 0.05 to 0.5%) resulted in a less than 2-fold increase in apparent activity; 

therefore, at increased enzyme loadings the diffusion of the substrate becomes increasingly 

rate limiting as in previous reports [233].  This suggests that when using acetone-based 

crosslinking the diffusion of the substrate to and product from the immobilized enzyme 

within the fiber contributes to the lower apparent activity of the enzyme upon 

immobilization.   Similar effects have been previously reported for immobilization of 

catalysis using polymer supports [183], and electrospun polymer fibers specifically [184, 

185].   

Based on experimental findings comparing the various crosslinking methods, enzyme 

deactivation and inter-fiber diffusion affect the apparent performance of the enzyme for all 
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immobilization methods while intra-fiber diffusion is especially important in the case of 

acetone-based immobilization.  To augment these findings and to further examine the extent 

of mass transfer limitations for each immobilization method, we used the Weisz-Prater 

criterion (CWP) to assess internal mass transfer limitations based on directly observable 

qualities [168, 188, 189].  According to the Weisz-Prater criterion: 

 
where robs is the observed rate of reaction based on unit volume of solid (mol·s-1·cm-3), Deff  is 

the effective diffusion coefficient in a porous structure (cm2·s-1), Cs is the initial substrate 

concentration (mol·cm-3), and L is a characteristic length (cm).  For a long cylinder, the 

characteristic length is half the radius and for a slab geometry, the characteristic length is half 

the thickness of the slab.  To evaluate intra-fiber diffusion, we took L to be half of the 

average fiber diameter.  To evaluate inter-fiber diffusion, we took L to be half of the 

thickness of a typical mat. If CWP >> 1, then the reaction is limited by internal mass transfer, 

if CWP << 1, then the reaction is kinetically controlled.  We estimate Deff to be on the order of 

10-6 cm2·s-1 based on previous reports of diffusion of small molecules in crosslinked PVA 

[186, 187], the average fiber diameter to be 200 nm, and a typical mat thickness of 50 μm.  

The volume of the fibers was estimated assuming 80% porosity [190].  Based on the average 

fiber diameter, observed rate, and initial substrate concentration, the CWP ~ 10-2 indicating 

that intra-fiber diffusion does not limit the reaction.  However, based on the mat thickness, 

initial rate, and initial substrate concentration CWP ~ 1 indicating that inter-fiber diffusion 

may affect the observed reaction rate.  This analysis is in accordance with our experimental 
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results which in we observed no indication of intra-fiber diffusion based on the linear 

increase in activity with increased enzyme loading with a constant electrospinning time, 

whereas we do observe decreasing activity with increasing electrospinning time despite 

increased enzyme loading suggesting the presence of inter-fiber diffusion. 

Using vapor-phase crosslinking, our experiments indicated that intra-fiber diffusion 

did not limit the apparent activity of the enzyme.  However, based on the presence of inter-

fiber diffusion limitations when using the other crosslinking methods, we assume that inter-

fiber mass transfer also limits the apparent activity of the immobilized enzyme using vapor-

phase crosslinking.  Given the lower observed reaction rate and the presence of inter-fiber 

diffusion, we estimate (CWP~1) that the effective diffusivity is on the order of 10-8 cm2·s-1 

assuming a typical mat thickness of 50 μm.  An effective diffusivity of 10-8 cm2·s-1 is lower 

than is typically reported for crosslinked PVA hydrogels but approaches the effective 

diffusivities reported using densely crosslinked polymer networks [51, 236].  Since effective 

diffusivity decreases with additional crosslinking [237], we deduce that the vapor-phase 

crosslinking method produces a more densely crosslinked network than single-step 

crosslinking.   

Intra-fiber diffusion limitations appear to have less of an effect when using in situ 

crosslinking and vapor-phase compared to and acetone-based crosslinking.  The presence of 

intra-fiber diffusion limitations in the case of acetone-based crosslinking to a greater degree 

than with vapor-phase or in situ crosslinking appears to be the main difference in the 

immobilization methods as inter-fiber diffusion as well as loss of activity due to exposure to 

the crosslinking reaction affect the enzyme with both immobilization methods.  For example, 
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when we used the same electrospinning time to obtain mats of comparable thickness using 

single-step immobilization and two-step immobilization with acetone-based crosslinking, the 

apparent activity of the immobilized enzyme was three orders of magnitude lower in the case 

of acetone-based crosslinking (2.9(±1.0) ·10-11 mol·min-1·μg-1 compared to  9.7(±0.5)·10-8 

mol·min-1·μg-1).  Therefore, we believe the difference in apparent activity using single-step 

immobilization and two-step immobilization methods can be attributed to differences in 

ability of the substrate and product to partition and diffuse within the fiber.  We suspect that 

the difference in mass transfer between the two immobilization systems is a result of the 

differences in network structure obtained by the various crosslinking methods.  Acetone-

based crosslinking produced a highly-crosslinked polymer structure that behaved as a glassy 

polymer matrix whereas in situ crosslinking resulted in swellable polymer network that 

behaved as a hydrogel and vapor-phase crosslinking produced a densely crosslinked network.  

The difference in the ability of the substrate and product to diffuse into and out of a glassy 

polymer or densely crosslinked network compared to a hydrogel may explain the difference 

in apparent activities.   Effective diffusivities of small molecules in glassy polymer matrices 

have been reported to be on the order of 10-10 cm2·s-1 [191, 192] and as low as 10-17 cm2·s-1 

[193] whereas effective diffusivities of small molecules in hydrogels typically on the order of 

10-6 to 10-8 cm2·s-1 [51, 52].  Taking an intermediate value for the effective diffusivity for the 

fibers crosslinked using acetone-based crosslinking as 10-14 cm2·s-1 and the radius of the fiber 

to be 200 nm, the Weisz-Prater criterion is on the order of 1, accurately predicting intra-fiber 

diffusion limitations.  Additional differences may arise from changes in hydrophilicity when 

using the different crosslinking methods which may affect the ability of the substrate and 
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product to partition to and from the fibers [41, 52].  In the case of non-solvent based 

crosslinking, exposure to the non-solvent may result in increased crystallinity which may 

affect the structure of the enzyme as well as the mass transfer, as crystalline regions have 

been considered impermeable to solutes [23, 230, 238].  The molecular weight also affects 

the crosslinked network structure [194].  During in situ crosslinking, the crosslinking reaction 

leads to an effective increase in PVA molecular weight [124] and higher molecular weights 

have been suggested to have a more open network structure that favors swelling [194].  

Therefore, we surmise that the network structure of the PVA crosslinked in acetone is much 

more rigid than the network structure of the PVA crosslinked during electrospinning which 

leads to significantly different properties, most importantly the mass transfer of the small 

molecule substrate and product.  In the case of acetone-based crosslinking, when the 

crosslinked network behaves as a glassy polymer matrix, the apparent activity of the 

immobilized enzyme is limited by inter-fiber and intra-fiber mass transfer.  Using vapor-

phase crosslinking, the effective diffusivity approaches that of a densely crosslinked network 

and inter-fiber mass transfer affects the apparent activity of the immobilized enzyme.  With 

single-step immobilization, when the crosslinked network behaves as a hydrogel, inter-fiber 

and intra-fiber diffusion are less of a concern, and the lower apparent activity can be 

attributed by chemical modification due exposure to the chemical crosslinking reaction 

reagents. 

5.4.5 Effect of Enzyme Species  

Finally, we extend the immobilization techniques to immobilize another 

hyperthermophilic enzyme, CelB from Pyrococcus furiousus.  We hypothesized that since 
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CelB has a higher optimal temperature and thermal stability [46, 223, 239] than α-gal, it may 

be less susceptible to damage during immobilization than α-gal.  We examine the apparent 

specific activity of immobilized CelB and α-gal (both purified by heat treatement followed 

by anion exchange chromatography) measured at 75°C (Table 5.5) using both single-step and 

two-step immobilization methods.  Using in situ crosslinking the retained apparent activity of 

the immobilized CelB was about 20% of the free enzyme compared to α-gal at the same level 

of purification was only 0.3% of the free enzyme.  CelB was much less affected by 

immobilization using single-step immobilization than α-gal which may have be to its 

inherently higher stability.  This finding is further evidence that with single-step 

immobilization the main cause of lower activity as a result of immobilization is chemical 

modification by glutaraldehyde during crosslinking.  Since the loss of activity upon 

immobilization can be mostly attributed to deactivation due to the crosslinking reaction when 

using the single-step immobilization method, it may be particularly well-suited for 

hyperthermophilic enzymes due to their intrinsic stability when compared to mesophilic 

enzymes.  The enzyme species had much less of an effect on apparent activity of the 

immobilized enzyme using vapor-phase and acetone-based crosslinking.  Using vapor-phase 

crosslinking, CelB retained 8% activity while α-Gal retained 2% activity compared to the 

free enzyme.  With acetone-based crosslinking CelB and α-gal retained 0.003 and 0.01% 

activity compared to the free enzyme.  The enzyme species had less of an effect on apparent 

activity when using the two-step immobilizations methods suggesting that the inherent 

stability of  the enzyme is less of a factor using these immobilization methods.  These results 

could indicate that the loss in activity due to chemical modification during crosslinking is 
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less of a factor than in single-step immobilization, which agrees with the experiemnts we did 

with the free enzyme. Further since the apparent activies of the α-gal and CelB are so similar 

may be a sign that the apparent activity is dictated by diffusion of the substrate and product 

rather than enzyme kinetics.  Results comparing CelB and α-gal indicate that with single-step 

immobilization deactivation during crosslinking greatly affects the apparent activity of the 

immobilized enzyme, whereas with two-step immobilization using vapor-phase and acetone-

based crosslinking mass transfer limitations are the main reason for reduced apparent activity 

of the immobilized enzyme.   

 
 
Table 5.5 Apparent activity for immobilized hyperthermophilic α-gal and CelB using in 
situ crosslinking, vapor-phase and acetone-based crosslinking.  
 

 Free In Situ Vapor Acetone 
α-gal 9.2(±0.3)·10-8 3.2(±0.5)·10-10 1.8(±0.8)·10-9 8.8(±1.6)·10-12 
CelB 7.0(±0.4)·10-8 1.4(±0.1)·10-8 5.7(±0.8)·10-9 2.0(±0.4)·10-12 

 
 
 
5.5 Conclusion 

We have developed a reactive electrospinning method to immobilize 

hyperthermophilic enzymes within chemically crosslinked PVA fibers in a single-step 

process, eliminating the need for typical post-electrospinning crosslinking and significantly 

accelerating the immobilization process.  Using this single-step process, we were able to 

produce uniform, enzyme-loaded, water-insoluble fibers.  The chemically crosslinking that 

occurred during electrospinning was sufficient to effectively entrap the enzyme within the 

fiber and no enzyme leaching was observed.  Examining the catalytic properties of the 
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immobilized enzyme, the enzyme retained catalytic activity and its hyperthermophilic nature 

as the highest activity occurred at ~95°C and the activity at 95°C was an on order of 

magnitude higher than at 37°C.  The immobilized enzyme also showed a 2-fold improvement 

in thermal stability as indicated by the increase in half life at 90°C, pH 5.5.  In comparing the 

single-step immobilization method to alternative two-step methods, the apparent activity of 

immobilized enzyme using was significantly higher than alternative two-step methods (4 

orders of magnitude higher than non-solvent based crosslinking and 3-fold higher than vapor-

phase crosslinking).  We explored possible reasons (enzyme deactivation during crosslinking, 

as well as both inter-fiber and intra-fiber diffusion) for the lower activity and their relative 

importance with the aim of elucidating the key differences among the crosslinking methods.  

Enzyme deactivation and inter-fiber diffusion appeared to affect the performance of the 

immobilized enzyme using any of the crosslinking methods.  However, intra-fiber diffusion 

limitations were much more significant when using acetone-based crosslinking than vapor-

phase or in situ crosslinking.  We attribute the differences in apparent activity of the 

immobilized enzyme using the different crosslinking methods to differences in the network 

structure resulting from the various crosslinking methods.  Differences in effective 

diffusivities within the various network structures accounted for the differences in the 

catalytic performance of the immobilized enzyme. Therefore, with single-step 

immobilization the loss of activity is mainly due to deactivation due the the crosslinking 

reaction and with vapor-phase and acetone-based crosslinking mass transfer limitations are 

the main reason for reduced apparent activity of the immobilized enzyme.  Since loss of 

activity using the single-step immobilization method is due mainly to enzyme deactivation 
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and we observed improved apparent activity when using CelB whcih has better intrinsic 

stability than α-gal, this immobilization method may be particularly well-suited for 

hyperthermophilic enzymes.   
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Chapter 6 Conclusions and Outlook 

6.1 Conclusions  

In this work, we have developed and evaluated multiple immobilization methods for 

hyperthermophilic enzymes.  Specifically, we immobilize a model hyperthermophilic 

enzyme by encapsulating it within electrospun and chemically crosslinked nanofibers.  In 

Chapter 2, we demonstrated that uniform chemically crosslinked fibers can be produced 

using a reactive electrospinning process using PVA crosslinked with glutaraldehyde as a 

model system.  In this process, we combine a chemical crosslinking reagent, glutaraldehyde, 

catalyst, HCl, and polymer, PVA, in solution immediately before electrospinning so that the 

crosslinking reaction takes place during electrospinning and the resulting fibers are 

chemically crosslinked. The crosslinking reaction causes significant changes in solution 

rheology and fiber morphology.  As the solution viscosity increases, effective molecular 

entanglement increases as fibers can transition from beaded fibers to uniform fibers to flat 

fibers.  The window for obtaining uniform fibers was identified by simultaneously measuring 

dynamic rheological properties and electrospinning.   The process yielded insoluble fibers 

whose structure was maintained after soaking in water, suggesting that this method may be a 

convenient process to immobilize enzymes in a single step.   

In Chapter 3, we consider the effect of the addition of protein on the ability to 

produce uniform fibers using electrospinning using bovine serum albumin (BSA) as a 

representative globular protein.  We find that the addition of a model globular protein, BSA, 

does not affect the polymer entanglement required to electrospin PVA and we were able to 

incorporate up to 50% BSA loading (per weight of PVA).  We were particularly interested in 
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the protein distribution within the fiber.  We found that we could modulate the protein 

distribution by adjusting the pH of the electrospinning solution: a coaxial distribution of 

protein in the core could be obtained by electrospinning at the isoelectric point of the protein, 

whereas surface enrichment could be obtained when the protein carries a net charge (at pHs 

above and below the isoelectric point of the protein.  Therefore, careful selection of the pH of 

the electrospinning solution may provide a facile approach to control the location of the 

enzyme loaded within a nanofiber. 

We next developed a two-step immobilization method described in Chapter 4 in 

which the model hyperthermophilic enzyme, α-galactosidase was blended and electrospun 

with PVA to produce uniform enzyme-loaded nanofibers, and the enzyme-loaded fibers were 

subsequently chemically crosslinked using acetone-based crosslinking with glutaraldehyde.  

The crosslinking reaction did not affect the structure of the fibers and the resulting fibers are 

water-insoluble at elevated temperatures which indicated that the crosslinked fibers were 

sufficiently robust for the immobilization of hyperthermophilic enzymes.  Examining the 

catalytic activity as a function of temperature indicated that the optimal activity of the 

immobilized enzymes was around 95°C and the activity of the immobilized enzyme at 95°C 

was an order of magnitude higher than the activity at 37°C, demonstrating that the 

hyperthermophilic nature of the enzyme was maintained following immobilization.  The 

apparent half-life at 90°C was improved by 5.5-fold upon immobilization and no enzyme 

leaching was observed over 48 hours. However, we did observe a significant decrease in 

apparent activity upon immobilization.  We explored possible reasons for the apparent 

decrease in activity including the effect of the reagents used in the crosslinking reaction, as 
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well as mass transfer limitations.  Although the reagents used in the crosslinking reaction do 

cause deactivation, the loss in activity due to exposure to these reagents can account for only 

a small fraction of the decrease in activity.  Experiments varying the enzyme loading and the 

mat thickness indicate that both intra-fiber and inter-fiber diffusion significantly limit the rate 

of reaction. Based on the insight gained, we explored approaches that may improve the 

apparent activity of the immobilized enzyme.  The effect of inter-fiber diffusion could be 

reduced by minimizing the thickness of the mat.  We obtained an order of magnitude increase 

in activity by reducing the electrospinning time from 4 hours to 30 minutes.  Intra-fiber mass 

transfer effects could be reduced by adjusting the pH of the electrospinning solution away 

from the isoelectric point of the protein to increase the amount of enzyme on the surface of 

the fiber or by adding salt to the electrospinning solution which may introduce porosity to the 

fiber.  Finally, additives to help stabilize the enzyme to prevent deactivation during 

immobilization also improved the apparent activity of the immobilized enzyme.  Glycerol, a 

known stabilizer, improved the apparent activity by 2-fold, while raffinose, a stabilizer and 

substrate, improved the apparent activity by 3-fold.  The stabilizer, trehalose had the largest 

effect, improving the apparent activity by an order of magnitude when incorporated into the 

electrospinning solution.   

Finally, we developed a reactive electrospinning method to immobilize 

hyperthermophilic enzymes within chemically crosslinked PVA fibers in a single-step 

process based on the work presented in Chapter 2.  The single-step immobilization method 

eliminated the need for typical post-electrospinning crosslinking and significantly accelerated 

the immobilization process compared to alternative two-step techniques.  Using this single-
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step process, we were able to produce uniform, enzyme-loaded, water-insoluble fibers.  The 

chemically crosslinking that occurred during electrospinning was sufficient to effectively 

entrap the enzyme within the fiber and no enzyme leaching was observed.  Examining the 

catalytic properties of the immobilized enzyme, the enzyme retained catalytic activity and its 

hyperthermophilic nature as the highest activity occurred at ~95°C and the activity at 95°C 

was an on order of magnitude higher than at 37°C.  The immobilized enzyme also showed a 

2-fold improvement in thermal stability as indicated by the increase in half life at 90°C, pH 

5.5.  In comparing the single-step immobilization method to alternative two-step methods, 

the apparent activity of immobilized enzyme using was significantly higher than alternative 

two-step methods (4 orders of magnitude higher than non-solvent based crosslinking and 3-

fold higher than vapor-phase crosslinking).  We explored possible reasons (enzyme 

deactivation during crosslinking, as well as both inter-fiber and intra-fiber diffusion) for the 

lower activity and their relative importance with the aim of elucidating the key differences 

among the crosslinking methods.  Enzyme deactivation and inter-fiber diffusion appeared to 

affect the performance of the immobilized enzyme using any of the crosslinking methods.  

However, intra-fiber diffusion limitations were much more significant when using acetone-

based crosslinking than vapor-phase or in situ crosslinking.  We attribute the differences in 

apparent activity of the immobilized enzyme using the different crosslinking methods to 

differences in the network structure resulting from the various crosslinking methods.  

Differences in effective diffusivities within the various network structures could account for 

the differences in the catalytic performance of the immobilized enzyme. Therefore, with 

single-step immobilization the loss of activity is mainly due to deactivation due the the 
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crosslinking reaction and with vapor-phase and acetone-based crosslinking mass transfer 

limitations are the main reason for reduced apparent activity of the immobilized enzyme.  

Since loss of activity using the single-step immobilization method is due mainly to enzyme 

deactivation this immobilization method may work best with intrinsically stable enzymes i.e. 

hyperthermophilic enzymes.  

6.2 Recommendations for Future Work 

6.2.1 Improvement of Two-Step Immobilization Method 

We have established that in the case of two-step immobilization using a non-solvent 

based crosslinking method that intra-fiber mass transfer limits the rate of reaction.  

Immobilization within porous fibers may help reduce the intra-fiber diffusion limitations.  

One potential method to produce porous fibers combines non-solvent-induced phase 

separation with electrospinning [240].  Using this method, the fibers are electrospun into a 

bath of a non-solvent for the polymer being electrospun.  The immersion in a non-solvent 

bath causes the polymer to precipitate rapidly resulting in a porous structure.  This method 

has been used to produce poly(acrylonitrile) PAN fibers with surface and bulk porosity by 

electrospinning PAN and dimethylformamide using water for the non-solvent bath (Figure 

6.1) [240].  It may be possible to use this method to produce porous PVA enzyme-loaded 

fibers by collecting the fibers in a non-solvent for PVA such as acetone [241]. If porous PVA 

fibers can be produced using this method, the enzyme can be introduced into the 

electrospinning solution to determine if enzyme-loaded porous PVA fibers can be produced 

without leaching the enzyme into the non-solvent bath.  The as-spun fibers can be dissolved 
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and tested for enzyme activity.  In further experiments, the porous fibers can be crosslinked 

and the immobilized enzyme can be tested for catalytic activity. 

 
 

 
 

Figure 6.1 (a) FESEM micrograph of a porous PAN fiber cross-section and (b) TEM 
micrograph of porous PAN fibers [240] 
 
 
 
6.2.2 Improvement of Single-Step Immobilization Method 

 Based on our findings in Chapter 4 that protective additives can improve the apparent 

activity of the immobilized enzyme upon immobilization and in Chapter 5 that the enzyme 

deactivation could account for the loss of activity upon immobilization using the single-step 

immobilization method, the use of protective additives using the single-step immobilization 

method should be explored in order to improve the performance of the immobilized enzyme 

in terms of catalytic activity.  The effect of the protective additive on the reactive 

electrospinning process would have to be established and the concentration of the chemical 

crosslinking reagent and catalyst may have to be adjusted.  Once uniform fibers can be 

collected and are found to maintain their structure when soaked in water, the system can be 
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evaluated to ensure that no enzyme leaching occurs.  Further, the performance of the 

immobilized enzyme in terms of retained catalytic activity can be determined. 

 Additionally, since we observed that the performance of the immobilized enzyme was 

dependant on the intrinsic thermostability of the enzyme, it would be beneficial to compare 

the results presented with α-galactosidase from Thermotoga Maritima with α-galactosidase 

from a mesophilic source to further establish these immobilization methods for 

hyperthermophilic enzymes.  A mesophilic version of α-galactosidase can be obtained from 

Sigma (CAS 9025-35-8).  Initial experiments to determine the effect of the crosslinking 

reaction reagents on the mesophilic enzyme compared to the hyperthermophilic version 

should be established.  Using the mesophilic α-galactosidase, the activity as a function of pH 

and temperature can be measured for the free and immobilized enzyme.  Experiments 

measuring the kinetic constants, activation energy, and thermal stability before and after 

immobilization can also be performed.  

6.2.3 Further Probing Mass Transfer 

 Our results from Chapter 5 indicate that the crosslinking methods used (non-solvent 

based, vapor-phase, and in situ) lead to different network structures with significant 

variations in properties.  The difference in effective diffusivity in the various network 

structures could account for the differences in apparent enzyme activity.  To confirm these 

results, an initial step would be to measure the swelling of the resulting fibers as previously 

described since the diffusion coefficient depends greatly on the degree of swelling [51, 242].  

In further experiments, the effective diffusivities of small molecules such as galactose or pNP 

within the fibrous membranes could be measured as in previous experiments [52, 243]. 
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To alter the network structure, PVA with various properties such as molecular weight 

and degree of hydrolysis can be studied [194].  Crosslinked PVA of higher molecular 

weights tends to have a more open network structure due to the greater number of intra-

molecular bonds formed during crosslinking [194].  Swelling has been found to be increased 

using PVA of higher molecular weight when compared to a lower molecular weight at the 

same polymer concentration, and crosslinking ratio [194].  Degree of hydrolysis has also 

been shown to affect swelling of crosslinked PVA [194].  Typically, the swelling is enhanced 

with partially hydrolyzed PVA compared to fully hydrolyzed PVA and has been attributed to 

increased hydrophilicity and the presence of pendent acetate groups in the case of partially 

hydrolyzed PVA [194].   Exploring the effect of the properties of PVA would first require 

electrospinning PVAs of different molecular weight and degree of hydrolysis.  To explore the 

effect of molecular weight, Mowiol 40-88 (205 kDa, 88% hydrolyzed) could be compared 

with Mowiol 18-88 (130 kDa, 88% hydrolyzed) and Mowiol 8-88 (67,000 kDa, 88% 

hydrolyzed.  To examine the effect of degree of hydrolysis, Mowiol 40-88 (205 kDa, 88% 

hydrolyzed) could be compared with Mowiol 56-98 (195 kDa, 98% hydrolyzed).  The 

alternative PVAs mentioned have been previously electrospun [244, 245].  As an initial 

experiment, enzyme could be loaded in the PVA fibers for the each of the proposed materials 

holding the polymer concentration constant and the enzyme activity in each case could be 

measured.  However, the lower molecular weight PVAs may need higher concentrations to 

electrospin, so in further experiments the viscosity of the PVA samples could be matched or 

the concentration used for each PVA proposed relative to its entanglement concentration 

could be utilized.  Using a constant enzyme loading, each PVA proposed could be 
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electrospun and crosslinked and then the catalytic activity of the enzyme loaded in the fibers 

could be measured. 

The choice of crosslinking reagent could also affect the network structure [41, 246].  

Malic acid has been used to crosslink PVA resulting in structures that are more permeable to 

water (a measure of swelling) than PVA crosslinked with glutaraldehyde attributed to the 

steric hindrance of the hydroxyl group on the crosslinker [246].  Suberic acid, a larger 

molecule compared to glutaraldehyde, can also crosslink PVA and has been found to result in 

higher water permeability that PVA crosslinked with glutaraldehyde [246].  Using a larger 

molecule to crosslink, may result in a “looser” polymer network [246].  Further, alternative 

non-toxic PVA crosslinkers such as genipin should be considered [247, 248].  For each 

crosslinking reagent, the appropriate conditions to crosslink the fibers whilst maintaining 

their structure would have to be determined.  The crosslinked fibers should be tested do 

ensure that they maintain their structure when exposed to aqueous media.  Finally, to 

evaluate their use to immobilize enzymes, enzyme leaching from crosslinked enzyme loaded 

fibers would need to be examined. 

In the discussion thus far, we have limited our consideration to internal mass transfer 

limitations since mass transfer through the fibers will be slower than external mass transfer 

i.e. diffusion of the substrate and product through a liquid to the surface of the fibers [47].  

However, external mass transfer could limit the reaction rate of immobilized enzymes [249].  

To consider external mass transfer limitations in the fiber systems the activity assay could be 

performed under stirring.  The effect of the rate of stirring on apparent activity may indicate 

role of external mass transfer limitations [182, 252].  
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6.2.4 Improved Catalyst Characterization 

In this work, we have focused on apparent enzyme properties; however, in the 

presence of mass transfer effects the apparent properties such as activation energy and 

thermal stability do not necessarily represent changes in the inherent properties of the 

enzyme [168, 169].  The kinetic and thermodynamic properties of immobilized enzyme can 

appear to be different than the free enzyme but may be an effect of the support and mass 

transfer rather than true changes in enzyme properties [168, 169].  To better characterize the 

immobilized catalyst, active site titration (of the number of binding sites per unit volume) 

should be performed [169, 250].   Examining the enzyme activity as a rate per accessible 

active site would be valuable in better understanding the inherent enzyme properties of the 

immobilized enzyme [169, 250].  Further, the catalyst should be characterized in the absence 

of diffusion influences [169].  Given the inter-fiber diffusion limitations we have observed, it 

would be useful to study a single layer of fibers. This may be possible utilizing 

electrochemical techniques and a model system such as laccase with catachol as the substrate 

[251-253]. 

6.2.5 Potential Applications 

 We consider the immobilization methods that we have developed as a platform to 

develop biofunctional materials as the methods presented can be adapted to accommodate 

other biomolecules.  Immobilized enzymes using these methods could be used in a variety of 

potential applications, which we describe briefly.  Application of immobilized biocatalysts 

could allow for green and sustainable processes in synthetic chemistry, the production of 

products in the chemical, pharmaceutical and food industries, biodiesel production, as well as 



178 
 

 

waste management [254].   Immobilization of multiple biocatalysts may be particularly well-

suited for complex multistep chemical processes [254].  Immobilized redox enzymes such as 

glucose oxidase can be used to develop biofuel cells or electrochemical biosensors [255, 

256].  Other biomolecules such as biotin, antibodies, and DNA have been immobilized for 

sensing applications and nanodetection tools [257].  Enzyme-based sensors could be used for 

environmental monitoring of toxic compounds such as organic pesticides, heavy metals, and 

phenolic derivatives pollutants (air, water and soil) [258]. Additional applications of enzyme-

based sensors could also be in the field of medical diagnostics for diagnosing disease or 

screening drugs [258].  Enzymes immobilized on textile substrates are of interest to develop 

protective clothing capable of neutralizing as well as detecting chemical and biological 

warfare agents [259, 260]. 

Biosensor Applications 

 We are particularly interested in potential biosensor applications.  Next, we discuss 

two possible avenues to apply the immobilization methods we have developed to produce 

biomaterials with biosensing capabilities.  Such materials could be used to develop sensors 

for neurotransmitters or heavy metal contaminants.  

Enzyme-based biosensors for detection of neurochemicals may be one particularly 

interesting application.  Chemical signaling plays a key role in every neural function; 

however, direct measurements of the concentrations of neurotransmitters and 

neuromodulators remains difficult [261].  The main technical challenges include obtaining 

sufficient temporal (ms) and spatial resolution (100 nm to 100 μm) [261].  An 

electrochemical technique, fast-scanning cyclic voltammetry, can be used for in vivo 
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detection some neurotransmitters (dopamine, histamine, noradrenaline) that can oxidize on 

an electrode at modest voltages (~1.0 V) [261].  This method is capable of sub-second 

temporal resolution [261].  Further, carbon fiber microelectrodes less than 10 μm in diameter 

are typically used which provide good spatial resolution [261].  In order to use fast-scanning 

cyclic voltammetry to detect other analytes of interest, enzyme-based biosensors are needed 

to convert an inert substrate (e.g. adenosine and acetylcholine) to an active product that can 

be detected electrochemically [261].  In order to develop enzyme-based biosensors for this 

application, coating the carbon fiber microelectrode with high density of enzymes in their 

native active conformation is required [261].  Since the signal produced by the biosensor will 

be proportional to its surface area [261], the high specific surface area of electrospun 

nanofibers may prove advantageous when compared to previously used coatings.  

Immobilizing oxidase enzymes within chemically crosslinked electrospun nanofibers may 

prove to be a promising method to produce thin, robust, and highly active biosensing layers 

on the surface of carbon fiber microelectrodes.  In collaboration with Dr. Leslie Sombers 

[262, 263] group in the Chemistry department at NC State, future work could be done to 

combine the immobilization methods that we have developed with fast-scanning cyclic 

voltammetry electrochemical techniques to develop enzyme-based biosensors for in vivo 

neurotransmitter detection.  The first challenge would be to determine if fibers could be 

electrospun directly onto carbon fiber microelectrodes to produce a uniform coating.  Once 

the microelectrodes can be effectively coated with nanofibers, enzyme-loaded nanofibers can 

be electrospun and crosslinked directly on the electrode surface.  Initial experiments can be 

performed with a model oxidase enzyme such as glucose oxidase.  Development of an 
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electrochemical sensor for glucose would provide proof-of-concept of this approach.  In 

further experiments, enzymes and cascades of enzymes for other analytes of interest such as 

acetylcholine via immobilization of acetylcholine esterase and choline oxidase can be 

considered [261, 264].  

 Biosensors for heavy metals are also of potential interest since heavy metal 

contamination threatens human health and the environment and alternatives to expensive and 

cumbersome conventional analytical techniques are desired [265].  While a variety of 

proteins such as enzymes, metal binding proteins, and antibodies have been used to develop 

biosensors, novel biomolecules (catalytic DNA) capable of heavy metal detection and 

capture have recently been reported [266].  The catalytic DNA has two main components: a 

metal binding strand, generally with two substrate recognition arms and a catalytic core, and 

a fluorophore that is generally placed on the end of the complementary strand.  The 

molecules can be cleaved, by design, by metal ions specific to the metal binding strand [267].  

Specifically, in the presence of a heavy metal, the molecule is cleaved, releasing the 

fluorophore resulting in a significant increase in fluorescence (up to 16 fold) while the metal 

binding motif captures the contaminant [267].   Such molecules for the specific detection and 

quantification of a number of metal ions including lead, copper and cobalt have been 

produced [268]. It may be possible to use the immobilization methods that we have discussed 

to develop textiles able to capture and detect water contaminated with heavy metals by 

immobilizing catalytic DNA within electrospun nanofibers.  Additionally, the fluorescent 

signal can be regenerated by re-hybridization with the fluorophore allowing for reuse of the 

biosensor [266].  Initial experiments to immobilize the catalytic DNA can be performed.  The 
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materials containing the immobilized catalytic DNA within chemically crosslinked polymer 

fibers should be tested for ability to detect and capture heavy metal contaminants from water.  

Further experiments to ensure that re-hybridization with the fluorophore and reusability of 

the materials should be considered.    
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