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ABSTRACT 

Living cells are highly organized with many functional units or organelles 

separated by membranes. The membrane is comprised of specific proteins and lipid 

components that enable it to perform its unique roles for that cell or organelle.  At 

cellular membranes, lipid bilayers are stabilized laterally with the help of integral 

proteins. This stability is provided through a clustering of the hydrophobic core of both 

the lipid bilayer and the integral protein. Surface and interfacial phenomenon involving 

the activities of enzymes are wide spread in cellular systems and occur within the 

interfacial constraints of substrate accessibility, distribution and partitioning. Similar 

mechanisms can be used to enhance productivity of industrial biotransformations at oil-

water interface. Detailed study and manipulation of interfacial enzyme catalysis is of 

great interest for biotechnology, chemical technology, biology, and offers new 

opportunities in protein and polymer chemistry, separation science, bio-renewable 

products, environmental science and waste minimization.  

Herein, novel self-assembling enzyme systems were developed by manipulation 

of microenvironment of the enzymes for interfacial biotransformations at oil-water 

interface. The enzyme molecules were modified to self-assemble at oil-water interface by 

conjugation with hydrophobic moieties like polymers. The present work focused on (i) 

characterization of enzyme assembly morphology, (ii) stabilizing the enzymes at the 

interface, (iii) broadening the scope of interfacial biocatalysis with multienzyme-cofactor 

system and developing method to assemble cofactors at the interface, (iv) investigating 

the kinetic parameters of the interfacial reaction, (v) improving the activity of interfacial 
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enzyme by interfacial mobility enhancement and (vi) extending the hydrophobic 

manipulation of enzyme’s microenvironment for development of biosensors based on 

nanofibers containing organic soluble enzymes.  Four sets of model reactions system, a 

single enzyme system and three multiple enzyme system was employed for interfacial 

biocatalysis study and oxidation of glucose by glucose oxidase was chosen as a model 

system for biosensor development.  

In a previous study, it was demonstrated that interface-assembled enzymes 

improved the reaction rate by two orders of magnitude.  As a part of the present work, the 

important role of mobility and the assembly morphology of the interface-assembled 

enzyme on regulating the enzymatic liquid membrane fluidity at the interface were 

investigated. To characterize the surface assembly morphology of the interface-

assembled enzyme by surface pressure analysis, Langmuir film balance was used. The 

resulting surface pressure isotherm exhibited monolayer assembly, with intramolecular 

rearrangement of the interface-assembled enzymes. The mobility of the novel interface-

assembled enzymes was evaluated by using fluorescence recovery after photobleaching 

technique that gave the diffusion coefficient of 6.7×10-10 cm2/sec, three orders of 

magnitude less than that of native enzymes in aqueous solution, due to localization of the 

modified enzyme at the interface.  

Though modification of enzymes with polymer for interfacial assembly reduced 

its mobility, the conjugation of polymer to enzyme stabilized the enzymes against 

interfacial denaturation. The polymer stabilizes the three dimensional structure of 

enzymes and prevent it from unfolding at hydrophobic interfaces. Apart from the 
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interfacial stabilization of interface-assembled enzyme by polymer, the localization of 

enzymes at the interface offered a unique opportunity to enhance the stability of the 

enzymes against the deactivation effect of compounds in bulk phase. Chloroperoxidase 

(CPO) was chosen as a model enzyme to explore the factors that determine the stability 

of interface-assembled enzymes. Although the interface-assembled CPO showed 

improved stability as compared to native CPO, enzyme deactivation by peroxide 

reactants like hydrogen peroxide (H2O2) in the bulk phase, still limited the overall 

productivity of the enzyme.  Two approaches to further improve the stability of interface-

assembled CPO were examined in this work. In one approach, several chemical 

stabilizers were used to prevent highly reactive intermediates from oxidizing the 

porphyrin ring active site of CPO; polyethylene glycol (PEG) was found exceptional in 

that it increased both the operational and storage stability of CPO with a productivity 

increase of 57%, an operational stability improvement by almost 2 folds and a storage 

stability of 60% activity retention after 24 hours incubation in 1 mM H2O2.  On the other 

hand, glucose enhanced the operational stability by 2 folds, but exhibited no significant 

effect on storage stability.  While in a second approach, in situ generation of hydrogen 

peroxide (H2O2) by using glucose oxidase (GOx) to keep H2O2 concentration low was 

applied. It was found that the combined effect of presence of glucose and lowered 

concentration of H2O2, extended operational lifetime to 60 minutes for CPO with in situ 

generation of H2O2 by GOx.   

To expand the scope of interfacial enzyme catalysis, multienzyme 

oxidoreductases-cofactor systems were employed. The structure of cofactors involves 
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unique combination of functional groups that are required by oxidoreductases enzymes to 

carry out biotransformations and any modification to cofactor for interfacial assembly 

should not affect the enzyme-cofactor interaction. The challenge of modifying cofactors 

to assemble at the interface was overcome by structural manipulation of the adenine 

group of nicotinamide cofactor. The synthesis of interface-assembled cofactor gave a 

process yield of 67%, the modified cofactor was highly stable with a continuous 

operation of 2150 hours and turnover number of 2617 for a biphasic reaction involving 

reduction of acetophenone in organic phase and oxidation of glucose in aqueous phase. 

The Damkohler number that gives the ratio between reaction rate and mass transfer rate 

was obtained to be 0.12 with interface assembled cofactor, compared to 87.5 with native 

enzymes and free cofactor, indicating mass transfer limitations with interface assembled 

cofactor. The kinetic analysis of interface-assembled cofactor gave the binding resistance 

of enzyme to cofactor at the interface, Kc, as 0.18 mM compared to 0.03 mM of native 

enzyme and free cofactor, which indicated that limited interfacial interaction between 

molecules and two-dimensional mobility of the enzymes contributed significant 

resistance towards interfacial reaction.  

A novel mechanism of nanostirring was developed to improve the two-

dimensional mobility of interface-assembled enzymes. Iron oxide (Fe3O4) 

superparamagnetic nanoparticles were coupled with polymer conjugated enzymes for 

interfacial assembling and applied to improve the mobility of the interface-assembled 

enzyme under external electromagnetic field. The enhanced mobility of the interface-

assembled enzymes was quantified through fluorescent microscopic visualization, and 
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enabled over 600% of improvement in the observed reaction rate for both single enzyme 

and multienzyme systems as compared to reactions in the absence of the magnetic field.  

The combination of slow reactions and denaturation of dehydrogenase enzymes 

due to stirring posed a major constraint for realizing reactions with configuration of both 

cofactor and enzymes assembled at the interface. This limitation was overcome by 

development of a unique interfacial biotransformation with interface assembled cofactor 

and interface-assembled multiple enzymes was realized by employing relatively shear 

resistant dehydrogenase, ADH RS1, coupled with GluDH for faster NADH turnover. A 

maximum NADH turnover of 13 was achieved by optimizing the reaction conditions 

enzyme ratio, organic phase and aqueous phase substrates concentrations, and polymer 

modifier concentration added during modification of enzymes. 

In another effort, the manipulation of microenvironment of enzymes for enhanced 

hydrophobicity was extended to develop completely organic-soluble enzymes. The 

organic soluble enzymes were utilized in the development of polymer-enzyme composite 

nanofibers for biosensing applications. Polyurethane nanofibers of diameters of 100-140 

nm containing up to 20% (w/w) protein were prepared via electrospinning. The enzyme, 

glucose oxidase (GOx), was complexed with an ionic surfactant and was thus 

transformed into organic soluble prior to electrospinning.  When examined for biosensor 

applications, such prepared nanofibers showed a sensitivity of up to 66 A M-1 mg-

enzyme-1 (or 0.39 A M-1 cm-2), 100 times improvement from previous studies.  The high 

enzyme loading coupled with the high specific surface area of the nanofibers enhanced 

the reaction kinetics and thus enabled strong responses for small changes in glucose 
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concentration.  The confinement of the enzyme within the body of nanofibers also 

stabilized the enzyme, such that the biosensor retained 80% of its sensitivity after 70 

days.  

The interface-assembled enzymes with their improved interfacial stability can 

substitute soluble enzymes that are presently used for many industrial applications with 

biphasic systems. Also, Interface-assembled enzymes offer simultaneous access to 

reactants in both the bulk phases across the interface and thus improve the overall 

efficiency for the biotransformations between immiscible chemicals. The novel polymer-

enzyme conjugates and functional materials that were developed through this research 

with their unique structural, magnetic and mechanical properties can be used in broad 

range of applications like sensors, membrane technology, generate alternative strategies 

for encapsulation and delivery of therapeutic agents, and will enable minimum 

downstream processing for specialty chemical synthesis. The present work is of great 

interest in the search for production of different important industrial chemicals including 

bio-renewable products and for sustainable environmental quality. 
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CHAPTER I 
 

1. INTRODUCTION 
 
 

The membranes and the interfaces of a living cell separate one micro-environment 

of the cell from another providing the functional identities to individual organelles. These 

subcellular interfaces act as a workbench for about half of the cellular proteins[1]. 

Enzymes are proteins that catalyze chemical reactions in biological systems. Almost all 

processes in a living cell need enzymes in order to occur at significant rates. Interface-

active enzymes present at interfaces like cell membranes and subcellular interfaces play 

an important role in many biological processes[2].  

In nature, interface binding enzymes can interact with the surface in great number 

of ways. This is mainly due to the complexity of the protein molecule which comprises 

positive and negative charges, groups with hydrogen bond capacity and as well as 

hydrophobic/ hydrophilic regions. Interface binding can thus occur via electrostatic 

interactions, hydration forces, acid-base interactions, hydrogen bonding, hydrophobic and 

the van der Waals interactions[3-6]. The oil-water interface or the lipid-aqueous interface 

allows hydrophobic residue of the enzyme to be dissolved in, and interact favorably with 

the oil phase. The hydrophobic and ionic interactions with the gain in entropy due to 

conformational changes are often regarded as the driving forces for enzymes presence at 

the interface[7]. The interface-binding enzymes are responsible for important biological 

processes and function within the interfacial biophysical constraints. The degradation of 

lipids by lipases is an example of the biological process that occurs at the lipid-aqueous 
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interface[8, 9]. The properties of the interface formed strongly affect the enzyme activity. 

Furthermore, the interface is not constant, but as the enzymatic process proceeds the 

inclusion of the degradation products at the interface changes its properties. The 

pulmonary surfactant system is another example where the interfacial properties of the 

complex mixture of proteins and lipids are essential for the proper function of lungs. 

Alterations of the interfacial behavior of the pulmonary surfactants might affect their 

ability to promote lung expansion on inspiration, prevent lung collapse during expiration, 

balance the pulmonary fluids and stabilize small airways.  

Traditionally, enzymes as biocatalysts have been developed for aqueous reaction 

systems. It has been known that enzymes do not require living cell to be active[10]. This 

opened many applications for enzymes in varied fields like in food technology, in the 

production of textiles and paper, in diagnostics and food analysis, and in the production 

of specialty chemicals[11]. Enzymatic reactions result in products free of any unwanted 

byproducts, this property is widely exploited in many industrial processes. Apart from 

this huge advantage enzymes also save in energy and waste treatment cost owing to mild 

reaction condition. Presence of non-aqueous environments like oil phase has detrimental 

effect on enzyme’s activity and stability. However, many important industrial reactions 

involve both oil and aqueous phase. Methods to engineer enzymes to adapt to the new 

environments for effective biotransformations will help in realizing the goal of 

manufacturing bio-renewable products with sustainable environmental quality. The 

spatial structure of enzymes molecules governs their activity. Native enzymes have a 

unique structure of molecules that are energetically balanced and created due to 
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principles of structure hierarchy with optimal use of hydrogen bonds, dispersion, 

electrostatic, as well as hydrophobic interactions to stabilize the tertiary structure of the 

polypeptide chains[12].  Enzymes are macro molecules that contain both hydrophobic 

and hydrophilic groups. In aqueous soluble enzymes, the core of the enzyme molecule 

consists mainly of hydrophobic groups, while the hydrophilic residues are predominantly 

on the surface. The solubility of enzymes in organic solvent is determined by the overall 

surface hydrophobicity of the enzyme.  

Enzymes that are active at cell membrane interfaces such as lipases often contain 

large fractions of hydrophobic moieties present at the surface which have low solubility 

in water[13, 14]. In enzymes that are not interface active, hydrophilic moieties at surface 

induces surface change and denaturation on exposure to oil-water interface. Thus, 

hydrophobic moieties should be introduced onto the surface of the enzymes to change the 

overall hydrophobicity of the enzymes and protect the enzymes while assembled at the 

interface. Interface-binding enzymes are desirable for many important industrial 

biotransformations that involve biphasic reactions. Enzymes at interface are easily 

accessed by substrates dissolved in both phases across the interface. Surface and 

interfacial tension measurements and interfacial dilation and shear rheology are methods 

to characterize such layers at liquid interfaces.  The stabilization of enzymes at interface 

and the stability of the enzymatic membrane itself at the interface are critical in many 

interfacial processes. Besides hydrodynamic conditions the local events of the interface 

are controlled by the dynamic interfacial properties, modified by the presence of enzymes 

and polymer.  
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In this work, enzymes were modified to work efficiently at oil-water interface, the 

parameters and mechanisms to enhance the interfacial assembly of enzymes and their 

performance were investigated. The enzyme molecules were conjugated with polymers 

like polystyrene that are soluble in oil phase, which gave the modified enzyme an 

amphiphilic structure similar to a protein-based surfactant. When put in an aqueous oil 

system, the polymeric part of the polymer-enzyme conjugate stretched out into oil phase 

and the body of the enzyme is embedded in the aqueous phase. This anchors the enzyme 

molecule at the interface. However, any modification to enzymes requires a systematic 

and careful study that involves improving the stability and activity of the modified 

enzymes in the new environment. Model reactions systems involving, a single enzyme 

system and three multiple enzyme systems were employed to evaluate interface-

assembled enzyme’s activity and stability. 

The single reaction system involved oxidation of styrene to styrene oxide by the 

enzyme chloroperoxidase. This enzyme requires two reactants, a water-insoluble styrene 

and the water-soluble hydrogen peroxide. This system is therefore ideally suited for 

interfacial catalysis. Other reaction systems involved multiple enzymes that require small 

molecules called cofactors for carrying out the reaction. The cofactors like Nicotinamide 

Adenine Dinucleotide (NAD+) are expensive molecules. In reaction systems that require 

cofactors, the major costs are the enzymes and the cofactor. Advances in recombinant 

technology and the development of high level expression systems have the potential to 

cut the cost of enzymes production. In the case of cofactor, efficient methods for 

regeneration and recovery are required. Therefore, methods were explored to modify the 
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cofactors to assemble at the interface for reuse. The multienzyme-cofactor reaction 

kinetics and mechanism that control the interfacial reaction were investigated by 

reduction of ketones to chiral alcohols by organic synthesis in the oil phase and oxidation 

of another set of alcohols to ketones in aqueous phase by multiple enzymes assembled at 

the interface.  

The interfacial biocatalysis research focused on production of specialty chemicals 

like pharmaceutical compounds in an economical and environmental friendly way. Most 

of the industrial processes involved in manufacturing important chemicals, releases 

hazardous byproducts into the environment. Use of enzymes in manufacturing these 

important chemicals will make the whole process environment friendly. However, 

enzymes are very expensive catalysts and are evolved in nature to work mostly in 

aqueous phase. Many industrial reactions involve reactants dissolved in non-compatible 

phases like oil and water. This result in high production cost for these important 

chemicals. In the present research, a novel method of engineering enzymes to make it 

self-assemble at the aqueous oil interface was developed.  

In another effort, the modification of enzymes was extended to achieve organic-

soluble enzymes that were used for development of sensitive biosensors. A biosensor 

consists of two components: a bioreceptor and a transducer. The bioreceptor is a 

biomolecule that recognizes the target analyte whereas the transducer converts the 

recognition event into a measurable signal. The uniqueness of a biosensor is that the two 

components are integrated into one single sensor. This combination enables measurement 

of the target analyte without using reagents. For example, the glucose concentration in a 
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blood sample can be measured directly by a biosensor by simply dipping the sensor in the 

sample. This is in contrast to the conventional assay in which many steps are used and 

each step may require a reagent to treat the sample. The simplicity and the speed of 

measurement are the main advantages of a biosensor. Diagnostics represent a very large 

and well-established market that is continually expanding[15]. Particularly in the current 

climate of prevention rather than remedy, the need for detection at increasingly lower 

limits is increasing in many diverse areas. 

Development of bioactive functional materials for use in highly sensitive 

biosensors requires presence of high amount of compatible bioactive substances like 

enzymes within it. Apart from biosensors, such materials have been pursued actively for 

applications such as catalysts, biomedical applications, coatings and paints and drug 

delivery. Among the various bioactive materials, polymeric nanofibers functionalized 

with enzymes have been the subject for many recent studies.  One challenge encountered 

in this area is the incompatibility between the enzymes and polymeric materials.  The 

current work presents the development of high protein content polymer-enzyme 

composite nanofibers through the use of enzymes with enhanced hydrophobicity.  The 

electrospun enzyme carrying nanofibers has huge advantages over the conventional 

biosensors. The nanofibers contain enzymes that are water insoluble; this eliminates the 

requirement of outer membrane in a biosensor to hold the enzymes, thereby reducing the 

size of the sensor. The use of nanofiber as sensing element increases the surface area that 

is available for enzyme substrate contact. The high loading of enzyme that is achieved by 
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employing direct electrospinning of enzyme and polymer, facilitated in accurate and 

faster detection of analyte in low concentration. 

 
1.1 Research objectives 
 

The research focused on hydrophobic modification of the microenvironment of 

enzymes for the development of enzyme conjugates and functional materials that had 

applications in interfacial biotransformations and biosensing respectively. The specific 

research objectives include: 

 
(i) Evaluation of assembly morphology and diffusion coefficient of interface-

assembled enzyme. 

(ii)  Improving the stability of interfacial assembled enzyme under emulsion condition 

by different approaches like addition of stabilizers and use of multiple enzyme 

system. 

(iii)  Realizing an interfacial self-assembly of cofactor and evaluate the kinetics of 

interfacial reaction that involves interface-assembled cofactor regeneration. 

(iv) Enhancing the dispersion and mobility of enzyme at the interface by employing 

external magnetic field. 

(v) Accomplishing the interfacial reaction with both multiple enzymes and cofactors 

assembled at the interface. 

(vi) Developing sensitive biosensors by electrospinning enzyme carrying nanofibers.  

 

1.2 Approach 
 

Novel interface-assembled multienzyme systems were developed by covalent 

attachment of the hydrophilic protein head to a hydrophobic polymer tail, resulting in a 

protein based surfactant structure. This polymer-enzyme conjugate self-assembled at 
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liquid-liquid or liquid-air interfaces to form a liquid membrane similar to that of lipid 

monolayers. However, the surface packing and the morphology of the interface-

assembled enzymes play important roles in regulating the membrane fluidity, which in 

turn influences the enzyme mobility, mass transfer of substrates and products to the 

interface and interfacial interaction of these molecules. Langmuir film balance was used 

to characterize the surface assembly morphology of the interface-assembled enzymes. 

Lateral compression of the interface-assembled enzymes in Langmuir film balance 

resulted in several surface pressures, corresponding to different molecular surface 

densities of the interface-assembled enzymes. The morphology of the monolayer and 

different phase transition in its fluidity was observed by fluorescence microscopy. The 

mobility of the novel interface-assembled enzymes was further evaluated by using 

fluorescence recovery after photobleaching technique that facilitated the evaluation of 

diffusion coefficient of the enzymes at the interface.  

An important consideration in enzymatic interfacial biocatalysis is the loss of 

activity of enzyme at the interface. At a liquid-liquid interface, the protein comes into 

contact with a hydrophobic environment, and will tend to unfold and place the 

hydrophobic groups in the non-aqueous layer while maintaining as much charge as 

possible in the water layer. Any change in conformation of the three dimensional 

structure of enzyme that yields a higher energy state will spontaneously go back to the 

state of lowest energy. If a hydrophobic group is exposed while a protein is in contact 

with the interface, it enters into the solvent phase and assumes lower energy state. This 

will continue to occur until random fluctuations in protein structure can no longer yield a 
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configuration of lower free energy, ultimately leading to denaturation of enzyme at the 

interface. Stabilization the enzymes from interfacial unfolding and denaturation is major 

challenge in the field of interfacial biocatalysis. The presence of polymer at the interface 

prevents this unfolding to some extent by protecting the hydrophobic groups from 

exposure to the interface. Chloroperoxidase (CPO) was used to examine the effects of 

different approaches for stabilizing the enzyme at the interface. However, a major 

shortcoming in the synthetic use of CPO is their low stability, resulting from irreversible 

inactivation from hydrogen peroxide (H2O2). The reason for H2O2 inactivation is the 

oxidative degradation of the porphyrin ring. Exposure of CPO to low levels of H2O2 

during reaction can improve the stability of interface assembled CPO. The localization of 

CPO at the interface improved the stability of the interface-binding CPO against the 

deactivation effect of H2O2 in the bulk phase. 

Two approaches to further improve the stability of CPO were examined in this 

work.   In one approach, several stabilizers were applied that can either form a solvent 

layer around the enzyme surface to keep the local H2O2 concentration low near the 

enzyme surface or interact with the oxidative intermediates and prevent CPO from 

denaturation. The chemical stabilizers included polyethylene glycol (PEG), 

polyethyleneimine (PEI), polyvinyl alcohol (PVA), polyacrylonitrile (PAN), ethylene 

glycol, glycerol, glucose and sucrose monododecanoate; while in the second approach,  

in situ generation of hydrogen peroxide (H2O2) by using glucose oxidase (GOx), from 

glucose and oxygen to improve the operational stability of CPO was applied. The study 
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was conducted with both native enzymes in solution and interface-assembled 

preparations of GOx and CPO at liquid-liquid interface.  

To broaden the applications of interfacial enzyme catalysis for complex industrial 

reaction systems that involve multiple interdependent reactions catalyzed by different 

enzymes, multienzyme-cofactor systems assembled at oil-water interface with in situ 

regeneration of cofactors were investigated. In an interfacial enzymatic reaction system 

involving multienzymes and cofactors, retaining the cofactors inside the reactor is 

necessary for successful process economy. Therefore, cofactors like NAD(P)H were also 

modified to self-assemble at oil-water interface. The modification of cofactor molecule 

for interfacial assembly without interfering with enzyme-cofactor interaction left few 

functional groups available on the cofactor for modification. Crystallographic 

information for several dehydrogenases indicated that the adenine ring lies in the 

hydrophobic pocket and is exposed to the solvent. The most studied positions of N6 and 

C8 on the adenine ring for NAD(P)H modification was considered. However, the N6 

modified NAD(P)H derivates exhibit a better activity by maintaining a more favorable 

access to the adenine binding site in the enzyme. Therefore, this position of the adenine 

group of nicotinamide cofactors was used for modification to yield macromolecular 

derivatives of cofactor that self-assembled at oil-water interface. The N6 position of 

nicotinamide cofactors like NAD(P)H was functionalized in the presence of 1-(3-

Dimethyl-aminopropyl)-3-ethylcarbodiimide hydrochloride and the subsequent 

stabilization of amine reactive O-acylisourea intermediate by N-hydroxysuccinimide 

resulted in a stable and active interface-assembled cofactor. The activities of interface-
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binding cofactors were evaluated with two sets of multienzyme reaction systems. One 

reaction system involved alcohol dehydrogenase RS1 (ADH RS1) and glycerol 

dehydrogenase (GDH) with NADH as cofactor for reduction of acetophenone in organic 

phase to S-1-phenylethanol with simultaneous oxidation of glycerol to dihydroxyacetone 

in aqueous phase. Another reaction system involved alcohol dehydrogenase from 

Lactobacillus brevis (ADH LB) and glucose dehydrogenase (GluDH) with NADPH as 

cofactor for reduction of acetophenone in organic phase to R-1-phenylethanol with 

simultaneous oxidation of glucose to β-glucono lactone in aqueous phase. A kinetic study 

was performed to check for the dominant resistance towards interfacial reaction. 

Damkohler numbers for different form of the cofactors were evaluated for comparison of 

different configurations of multienzyme-cofactor system. However, it was observed that 

the limited mobility of enzymes at the interface contributed significantly towards the 

resistance for interfacial reaction. 

To improve the mobility of interface-assembled enzymes at the interface, a novel 

mechanism of nanostirring was developed. Iron oxide (Fe3O4) superparamagnetic 

nanoparticles were directed onto liquid-liquid interface by covering it with polymer 

conjugated enzymes, realizing a self-assembling magnetic enzymatic liquid membrane 

(MLM) for interfacial biocatalysis. The aspect of limited mobility of enzyme at the 

interface was addressed by nanostirring of MLM with an external alternating magnetic 

field. Epoxidation of styrene by CPO and multienzyme reaction system involving ADH 

LB and GDH for reduction of acetophenone and oxidation of glucose with NADPH as 

cofactor was chosen as model reactions for this study. The mobility of interface-
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assembled enzymes was quantified through fluorescent microscopic visualization. The 

improvement in the observed reaction rate was compared to change in intensity due to 

mobility of enzymes at the interface.  

An ideal configuration for interfacial enzyme catalysis would be to have both 

enzymes and the cofactor assembled at the interface with removal of products from either 

phase. This will reduce the downstream operations to a great extent and also with 

elimination of membranes, increase the process flow conditions. High yields can be 

achieved in such reaction systems with efficient regeneration and reuse of enzymes and 

cofactors inside the reactor. However, major constraints in employing such configuration 

are high sensitivity of dehydrogenases for stirring and interfacial binding of cofactor and 

the enzyme. The limited interaction of enzyme and cofactor at the interface possesses a 

major hurdle in sustainable cofactor regeneration. Dehydrogenases are very susceptible 

and are easily denatured by shear caused by the conditions inside a process reactor. To 

overcome these limitations a fast multienzyme reaction system involving ADH RS1 and 

GluDH with NADH as cofactor was employed with reduction of acetophenone to S-1-

phenylethnol in the organic phase and oxidation of glucose to β-glucono lactone in 

aqueous phase. ADH RS1 and GluDH are relatively stable dehydrogenases against 

stirring. This combination of factors resulted in multiple turnover of cofactor at the 

interface with both cofactor and enzymes assembled at the interface. 

The manipulation of microenvironment of enzymes was further extended to 

develop organic soluble enzymes by ion-pairing with surfactants for fabrication of 

biosensor. Stable, sensitive and reproducible nanofibrous biosensors were developed by 
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co-electrospinning polymer and organic soluble enzymes. To detect gases and biological 

substances at low concentration, a high surface area to mass ratio of membrane material 

is desirable. This provided an opportunity for polymeric nanofibers to be used as 

biosensors. Polyurethane (PU) presents a class of polymers that possess a range of very 

desirable properties for use in biosensors: they are elastomeric, resistant to 

microorganisms and abrasion, biocompatible and have excellent hydrolytic stability. PU 

can be electrospun with low concentration of polymer in the electrospinning solution. 

Therefore, PU was chosen as the polymeric material for the fabrication of biosensor. The 

parameters like pH, surfactant concentration, enzyme concentration, nature of solvent and 

phase ratio that affected the process of GOx extraction into organic phase by ion pairing 

with a surfactant was optimized to result in maximum extraction. The nanofibers 

consisting of enzyme–polymer composites that are prepared by directly electrospinning a 

homogenous solution of surfactant-stabilized, organic-soluble enzyme and polymer in an 

organic solvent led to very high loading of enzymes on the nanofibers. These nanofibers 

with very high enzyme content per unit mass were ideal candidates for use in biosensors 

to detect very low concentration of analytes. The surfactant-stabilized enzymes being 

water insoluble did not leach into aqueous solutions. This highly enzyme loaded 

biocatalytic nanofibers were evaluated for biosensing applications by employing a cyclic 

voltammetry analysis in an electrochemical cell. 
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1.3 Outline  
 

Chapter 2 reviews literature about enzyme catalysis, enzyme reactions with non-

conventional methods, interfacial biocatalysis, multienzyme reaction systems and 

biosensor development. The development and characterization of interface-assembled 

enzyme is depicted in Chapter 3. Chapter 4 involves stabilization of interface-assembled 

enzyme by different approaches. Chapter 5 explores the methods to modify cofactor 

molecules for interfacial assembly and evaluation of kinetics of interface-assembled 

cofactor. Chapter 6 reveals a mechanism of nanostirring to improve the mobility of 

interface-assembled enzyme at oil-water interface. Chapter 7 describes the feasibility of 

reaction system with interface-assembled enzymes and interface-assembled cofactor with 

multiple turnover of cofactor at the interface. Chapter 8 discusses the development of 

sensitive biosensors by co-electrospinning an enzyme-polymer solution. The conclusions 

are summarized in chapter 9. 
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CHAPTER II 
 

2. BACKGROUND 
 
 
2.1 Enzymatic biocatalysis 
 

Enzymes are biocatalyst that regulate and enable all the biological transformations 

in living organisms.  Each reaction in the biological world occurs with either one or a 

combination of multiple enzymes.  Their exceptional functional properties like activity, 

selectivity and specificity enables enzymes to catalyze the most complex chemical 

processes in a benign experimental and environmental conditions[16]. Functioning in 

controlled in vitro environments, enzymes are also capable for production of great variety 

of valuable products.  Enzyme as valuable biocatalyst has broad application in human’s 

daily life, as in the fields of analytical medicine, pharmaceuticals, food, animal feed, crop 

protection, pulp and paper, chemicals and mining [11]. Compared with other kinds of 

catalysis, enzymatic catalysis offers the greatest advantage of unsurpassed selectivity and 

regioselectivity especially with differentiation between enantiomeric substrates.  

Enzymes have been traditionally used for drug development, detergents, food 

processing in chemical industries. A major driving force in the application of enzymatic 

processes in the chemical process industry is environmental concern and regulation. 

There is a rapidly growing demand for cleaner, alternative technologies that produce less 

waste, less energy intensive and avoid the use of toxic regents and solvents. The 

characteristic feature of enzymatic processes is high selectivity under mild reaction 
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condition. This makes them ideal catalyst in the synthesis of biologically active chiral 

substances like pharmaceuticals, herbicides, fungicides, flavors and fragrances.  

Traditionally enzyme catalysis has involved aqueous solutions, with water being a 

natural, safe and cheap media for biocatalysis. However, many industrial 

biotransformations involve hydrophobic substrates and products. Currently several 

challenges are faced in improving the performance of enzymes for industrial biocatalysis: 

1) Screening of enzymes for suitable properties [17]. 2) Modification of properties via 

techniques of molecular biology[18]. 3)Enhance enzyme stability and activity under a 

range of conditions such as extreme temperatures or pH values, or physical forces[19-21]. 

4) Improvement of enzyme properties via reaction and reactor engineering[22-24]. Such 

successful improvement of enzyme properties should be one of key solutions for the 

development of a much more sustainable chemical industry that is able to synthesize very 

complex and useful compounds under very mild and cost-effective conditions. 

 
2.2 Non-traditional enzyme catalysis 

Enzymes have traditionally been viewed as a biocatalyst functioning only in 

aqueous environment since their origin is living organisms. However, it was found that in 

nearly anhydrous conditions enzyme can still maintain its catalytic activity [10].  This 

observation has a breakthrough impact on the application of enzymes in a broader field. It 

is of great benefit to many important biotransformations involving organic substances not 

soluble in aqueous solutions, since the stability of the enzyme and the enzymatic 

efficiency of the catalytic processing are always the major concerns for enzymatic 

applications, especially for industrial scale production. 
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Numerous recent advances have focused on nonaqueous enzymology for the 

development of active and stable homogeneous (soluble) biocatalysts [25-29] with lot of 

interest directed towards organic synthesis[16, 30-32].  Enzymatic reactions in organic 

solvents can avoid undesired side-reactions and in some cases realize reactions that 

hardly occur in aqueous solutions.  For instance, water, as a by-product generated from 

esterification/transesterification reaction, tends to retard the reaction and the conversion 

is very low in aqueous solutions.  On the contrary, when the same reaction is carried out 

in anhydrous environment by applying modified/immobilized enzyme the conversion can 

be improved dramatically [33-35].  Some reactions, when carried out in aqueous 

solutions, have concomitant undesired background reactions, which may cause low 

efficiency of reaction and contamination of product.  While in anhydrous environment 

these side reactions can be effectively suppressed and high conversion and high purity of 

product often can be achieved [36]. 

When used directly in organic solvents, native enzyme molecules tend to aggregate 

leading to greatly reduced surface area and consequently unfavorable catalytic efficiency.  

The advances in genetic and protein engineering have generated more stable and active 

enzymes. At the same time, enzyme modification and immobilization have become the 

commonly applied methods to tailor enzymes in different reaction configurations[37-42]. 

Solubilization of enzymes in organic solvents requires modification of the native enzyme 

to prevent it from aggregation or denaturation. Covalent techniques are well described in 

the literature (e.g. attachment of polyethylene glycol chains to enzymes) [43]. 

Noncovalent modifications are much less common; however, they are capable of 
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providing highly active and soluble enzyme forms that can be studied spectroscopically 

in the nonaqueous milieu [44].  

 
 
2.2.1 Immobilization of enzymes 
 

Immobilization refers to the incorporation of biocatalysis with insoluble carriers. 

Generally, immobilized enzymes are known to be useful for establishment of enzyme 

reuse system or continuous reaction processes. Immobilization is also pursued for 

enzyme stabilization. Methods for immobilization have usually been classified as 

physical adsorption [45], ionic bonding, physical entrapment [46, 47], crosslinking of the 

enzymes [48, 49] and covalent bonding to the carriers. [50, 51] Industrial applications of 

immobilized enzymes include production of sugars from starch, analysis of various 

pharmaceutical and drug-related products, affinity chromatography and immunoassay 

procedures [52-55].  

The modern history of enzyme immobilization can be traced to late 1940s but 

much of the early work was largely ignored by biochemists because it was published in 

journals of other disciplines [56]. The basis of present technologies was developed in the 

1960s and there was an explosive increase in publications [57]. Initially only single 

enzymes were used for immobilization but by 1970s more complex systems, including 

two-enzyme reactions with cofactor regeneration were developed [58]. The first 

industrial use of immobilized enzymes was reported in 1966 by Chibata and coworkers 

[57], who developed the immobilization of Aspergillus oryzae aminoacylase for 

resolution of synthetic racemic D-L amino acids. In some industrial processes whole 
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microbial cells containing the desired enzymes are immobilized and used as catalyst [59]. 

In the past three or four decades, immobilization technology has developed rapidly and 

has become a matter of rational design, but there is still need for further improvement. 

The major components of an immobilized enzyme system are the enzyme, the matrix and 

the mode of attachment of the enzyme to the matrix. The term solid phase, support, 

modifier and matrix are used synonymously with respect to immobilization of enzymes.  

However, mass transfer limitation associated with the solid support is the main 

drawback of immobilized enzymes system. Comparing with native enzyme dissolved in 

aqueous solution, immobilized enzyme reaction system is heterogeneous. Diffusion of the 

substrate from bulk phase to reach the enzyme active sites on the surface of the support is 

an important factor which affects the product efficiency. Mechanisms like stirring can 

help the mass transfer in the process but may cause corruption of the support. Other than 

mass transfer limitation, the interactions between enzymes and support materials, the 

interaction between support materials and water also may affect the efficiency and the 

stability of immobilized enzyme [60]. For both small- and large-scale applications, it is 

important to choose a suitable support and method for immobilization. The support 

material should be insoluble in solution and permeable to substrates and products, rigid 

and has suitable size and shape, better be hydrophilic to retain enough water for enzyme. 

Porous supports are widely used while their morphological (particle size, pore size, and 

specific surface area) and chemical characteristics (water partition characteristics, 

substrate/product partition characteristics and direct effects of the support on the enzyme) 

are both import characters inside. Recent studies revealed that the great potential for the 
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use of nanoporous, nanofibrous and nanoparticle materials can provide really high 

loading of enzyme and better efficiency [61, 62]. Immobilized enzyme can be used 

widely for reaction requiring single enzyme. For multiple enzyme systems that requiring 

interactions among catalytic components like the system to be examined, this 

immobilization is not a feasible configuration.  

 
2.2.2 Chemical modifications of enzymes 
 

Chemical modification implies altering the side groups of amino acid or attaching 

additional chemical groups to the enzymes. It is also an effective way to alter the 

properties of the enzyme molecules. Typical reagents such as small molecules, 

bifunctional reagents, and polymeric materials have always been utilized to increase the 

stability of enzyme in organic phase or mutagenesis direct to specific-site used mostly in 

protein engineering [63]. Enzyme can also be altered leading to new catalytic features by 

chemical modification. The redesign of enzyme activity through the chemical 

modification of amino acid side chains is currently a common technique. It is an 

intriguing approach for catalyst development because chemical modification altered both 

physical properties and catalytic efficiency and provides the enzyme enormous range of 

functionality [38, 63, 64], which was needed in pharmaceuticals, food processing and 

detergent applications. 

Chemical modification of certain side chain on enzyme molecule contributes to the 

change of catalytic behavior. Chemical modification has been practiced widely both in 

protein chemistry studies [65] and enzyme manipulation [66]. In the recent exploration of 
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nonaqueous biocatalysis, various modification methods have been examined to improve 

the organic-compatibility of enzymes. Another interesting example obtained from the 

non-specific modifications of amines in Candida rugosa lipase (CRL) with 

benzyloxycarbonyl, lauroyl and acetyl that enhanced enantioselectivity of lipase in 

esterification of 2-(4-substituted phenoxy)propanoic acids with n-BuOH in isopropyl 

ether [67]. Based on the proof of circular dichroism and electron spin resonance studies, 

the authors made the assumption that because of the acylation of charged lysine 

sidechains, CRL accepts less flexible conformation which means although the reaction 

rates for both enantiomers, the effect on unfavoured S enantiomer would be more 

pronounced.  

One of the challenges for biocatalysts application in industry is to increase their 

stability especially in nonaqueous media. And with the surprising result obtained by 

Levashov in 2001 [68], the introduction of both hydrophobic and hydrophilic groups into 

α-chymotrypsin led the enzyme to withstand a broader range of organic solvent 

concentration in water-organic mixture, exhibiting comparable activity as that of the 

unmodified enzyme in biphasic system. The chemical modification may also lead to 

enhanced thermostability and autolytic stability of enzymes. For example, 1-ethyl-3-(3-

diethyaminopropyl) carbodiimide(EDC) was used to modify trypsin which introduced 

almost two monoamino α, β or γ cyclodextrins into trypsin.. The modified trypsins 

showed up to five- to eightfold enhanced autolytic stability and thermostability.  

Chemical modifications also take an important part in redefining the existing 

enzymes’ catalytic efficiency and substrate specificity. As reported, synthetic reagent 
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brought a broad range of functionality that abnormally present in proteins. Alkyl, aryl, 

anionic and cationic groups have been used by Jones and co-workers who gained 

significant results in this area [69]. Based on the study of Subtilisin Bacillus lentus(SBL), 

the resulting semisynthetic enzymes varied both catalytic efficiency and specificity 

comparing with the wild-type enzyme. According to the X-ray structure of SBL, some 

positions in the S1, S1’ and S2 binding pockets were mutated to cysteine and derivatized 

with a number of reagents which probably account for changing the specificity of SBL by 

filling up the S1 pocket with a bulky cyclohexyl group. Thus, the preference of wild-type 

SBL with large hydrophobic P1 residues changed to small P1 residues [70]. 

Glutaraldehyde is another common modifier used for enzyme crosslinking [71]. 

Cross-linked enzyme crystals was proven to be highly stable under otherwise denaturing 

conditions such as varying  pH values, high temperatures, proteolytic degradation, and 

organic solvents compared with native enzymes. Furthermore, cross-linking via covalent 

bonds (CLECs) have made enzymes highly active and stable in organic media which s an 

inexpensive method for enzyme to improve thermal and proteolytic stability. Attachment 

of chemical groups, such as alkyl, phenyl, and poly(ethylene glycol) (PEG) groups, was 

applied to increase the enzymes’ solubility, and thus their activity in organic media[43, 

72-80]. Bifunctional and polyfunctional modifier have been employed for enzyme 

crosslinking such as the stabilizing effects of Penicillin G asylase, which is used in 

pharmaceutical to produce precursors, crosslinking with dextran dialdehydes [49]. Other 

methods like incorporation of enzymes to polymer networks have been developed [81-

84]. Other protein manipulation technologies such as surfactant coating [85] and 
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deglycosylation [78] have also been developed or reexamined to enhance enzymes’ 

nonaqueous activity.  However, the number of residual viable enzyme active sites 

remaining is hard to determined, so the data from each paper is not comparable. Poly 

(ethylene glycol) (PEG) is the most commonly used polymer to generate organic solvent-

soluble enzymes [86-88], and it has been also applied extensively in drug delivery 

systems [89].  Because of the amphiphilic nature of PEG, the modified enzyme can be 

easily solubilized in organic solvents.   

 

2.3 Enzymatic catalysis in biphasic system 
 

Though the reaction efficiency in an nonaqueous environment is improved to a 

certain extent, mass transfer resistance still remains as a considerable limitation [90] 

gaining more importance in biotransformations that involve water-soluble substances and 

organic compounds that are incompatible to each other. Traditionally, biphasic reaction 

systems have been employed to carry out biotransformation that involves immiscible 

reactants [91, 92]. A lot of reactions involving organic chemicals have been investigated 

with biphasic systems like enzymatic resolution of epoxides in octane-buffer system 

using enantioselective epoxide hydrolases [93]. Biphasic system offer several desired 

advantages. In addition to increased substrate presence in the reactor, the biphasic 

configuration can also simplify product purification, and sometimes make 

thermodynamically unfavorable reactions become possible [94-96]. It is also used to 

extract product to another phase to avoid side reactions like product hydrolysis. Pencilin 

G acylase was immobilized on porous supports to synthesize antibiotics in two-phase 
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system [97]. The product was continuously extracted into another phase to improve the 

yield. The same reaction resulted in 55% lower yield in a monophasic reaction system 

due to product hydrolysis. 

  The aqueous phase was almost unexceptionally used as a biocatalyst container in 

all the previously studied biphasic processes.  An alternative approach is to use reverse 

micellar solutions [98, 99]. This involves essentially the same reaction configuration as in 

bulk biphasic systems, since enzyme molecules were contained in the water pools 

surrounded by a surfactant layer.  Even with the great R&D efforts made in this area, 

several inherent drawbacks have made the traditional biphasic reactions largely 

inefficient due to reactions are strongly mass-transfer limited [90, 100, 101]. The major 

disadvantage being that only enzyme molecules near the interface may be effectively 

involved in the reaction, while the majority of the enzyme in the bulk aqueous phase does 

not participate in the reaction [100, 101]. 

 

2.4 Interfacial biocatalysis 
 

In nature, certain enzymes have been observed to get adsorbed onto interfaces (air-

water, liquid-liquid, and water-solid) [102-104] due to electrostatic interactions, 

hydration forces, acid-base interactions, hydrogen bonding and the van der Waals 

interactions. The oil-water interface or the lipid-aqueous interface allows hydrophobic 

residue of the enzyme to be dissolved in, and interact favorably with the oil phase. In 

fact, in the biological world, considerable amount of enzymes are associated with various 

membranes, which are composed of hydrophobic lipid bilayers [105]. Adsorption of 
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proteins at interfaces is accompanied by conformational changes that may influence their 

catalytic or biological function that is of importance to a wide range of application. This 

includes industrial biocatalysis, and delivery and stabilization of therapeutic proteins. 

Enzymes assembled at an organic-aqueous interface could provide the maximum 

accessibility to chemicals dissolved in both phases across the interface. Interfacial 

enzymes act on insoluble substrates. Phopholipases and lipases are two important 

examples from this group of enzymes. For example, lipase shows its majority activity at 

the hydrophobic interfaces, which induces the exposure of the active sites [106, 107].  

Lipases hydrolyze the ester bond of triacylglycerols, which are insoluble in aqueous 

media. The triacylglycerols are emulsified by bile salts, forming emulsion droplets. 

Lipase binds to these oil droplets and catalyzes the reaction at oil/water interface. It has 

also been reported that hydroxynitrile lyase catalyzes the production of benzaldehyde 

from mandelonitrile at the diisopropyl ether/water interface [92].  Some research showed 

that enzymes, upon being adsorbed at the interface or put into organic solvents, tend to 

lose catalytic activity due to the conformation change caused by the hydrophobic 

interactions [108, 109].  On the other hand, evidence also showed that chemical 

modification is an effective way to improve enzyme functionality and stability [34, 70, 

110], and can even generate new enzymes [111].  These previous works proved that by 

chemical modification, some of the properties of the native can be changed toward better 

performance and it is feasible to assemble enzyme at the organic-aqueous interface by 

chemically tailoring its surface hydrophobicity. 
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Zhu and Wang [112] developed an interfacial biocatalysis, in which enzymes were 

modified to achieve highly selective interfacial assembling with access to substrates in 

both the phases. The surface of the enzyme molecules was attached with hydrophobic 

moieties like polystyrene to increase the overall hydrophobicity, leading to a structure 

similar as the protein-based surfactant [113]. When put into an organic-aqueous biphasic 

system, the hydrophobic part of the modified enzyme stretches out into organic phase 

with enzymes embedded in the aqueous side that anchors the enzyme molecule at the 

interface. The polymer-enzyme conjugate enabled a unique interfacial biocatalysis. This 

increased enzyme stability against physical inactivation by interfacial stress. Typically, 

polystyrene (PS), a hydrophobic and easily produced polymer, was used as the modifier 

and a proteolytic enzyme, α-chymotrypsin (CT) was selected as the model enzyme for 

the interfacial assembly. 

 

2.5 Multi enzyme biocatalysis with cofactor regeneration 
 

Multi enzyme reactions have been employed as a one-pot synthesis for multi step 

reaction sequences and for cofactor regeneration [114]. Many enzymes involved in 

biochemical pathways associate to form multi-enzyme complexes. The main advantage 

associated with the multi enzyme reaction with cofactor regeneration is their high yield. 

There are different methods available for in situ cofactor regeneration. The 

electrochemical regeneration, applied with electrode-biosensor, is one such method [115]. 

The in situ cofactor regeneration is generally conducted in aqueous environment due to 

hydrophilicity of cofactors. 
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The study of multi enzyme system with cofactor regeneration has been developed 

for different applications. For example, this approach has been used in conversion of 

adenosine to ATP using three enzymes, adenosine kinase, adenylate kinase and acetate 

kinase entrapped in a cross-linked polyacrylamide gel [116], and the regeneration of 

NADH and NADP using lactate dehydrogenase and glutamate dehydrogenase on 

polymeric beads [117]. However, free cofactors are difficult to recover from reaction 

media for reuse. To facilitate the reuse of the cofactors, immobilization of cofactors had 

been achieved by different methods like physical entrapment of NADH in PEG to enlarge 

its physical size so that it could be retained in the reactor by ultra filtration films [118]. 

Alternatively, NADH was attached to the dehydrogenase for enhanced retention through 

the same film-entrapment methodology [119]. In another study, NADH was entrapped in 

polyacrylamide hydrogel along with formate and malate dehydrogenase [120]. An 

interfacial biocatalysis system that enabled the long-term continuous flow reaction 

system was developed with alcohol dehydrogenase and glucose dehydrogenase and 

NADH as cofactor, resulted in a cofactor turnover number of 261 [121].In efforts to 

develop electrode- based biosensors, cofactors including FAD and NADH have been 

covalently immobilized onto electrodes [122]. Such sensors were built with the 

immobilized cofactor interacting with one dehydrogenase immobilized on the same 

electrodes, with the cofactor being regenerated by reacting with oxygen. Although these 

efforts have been made for different purposes, they reflect the needs, interests and 

possibilities in enabling multienzyme biotransformations. 
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The general scheme of manufacturing specialty chemicals with multi enzyme 

reactions involves substrates that are soluble in different phases. Interfacial biocatalysis 

with multi enzymes that are assembled at the oil/water interface provides accessibility for 

contact with substrates from both phases. However, the main obstacle for the wider use of 

interfacial assembled enzymes as industrial biocatalysts is the lack of understanding of 

their adsorption behavior and possible conformational changes at the liquid-liquid 

interfaces. 

 
2.6 Electrospun nanofibers for biosensors 
 

Recent breakthroughs in nanotechnology have made various nanostructured 

materials more affordable for a broader range of applications. Nanomaterials’ excellent 

unique material properties along with rapid growth in the synthesis methods are 

extending their applications enormously. Fabrication of these materials for various 

applications has been showing significant commercial impact, and will be having larger 

impact in the future [123]. The use of these materials for biocatalysis is still being 

explored; various nanostructures have been examined as hosts for enzyme immobilization 

via approaches including enzyme adsorption, covalent attachment, enzyme encapsulation, 

and sophisticated combinations of methods [124, 125]. 

The novel nanostructured materials are considered promising biocatalyst supports 

due to their unique structural, electronic and mechanical properties [126]. Investigators 

proved that the nanostructured supporters performed well for NOX reduction [127], 

hydrogen storage [128], hydrogenation [129], hydroformylation [130], electrocatalysis 
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[131] and biocatalysis [132]. Many researchers have been focusing on the synthesis of 

graphite nanofibers and their applications. Some of the downsides for the synthesis of 

carbon nanofibers are the high treatment temperatures and low yields ~ 2 %. Because of 

these concerns the production of carbon nanofibers are expensive. Less expensive 

alternative technique, such as electrospinning is therefore needed for the production of 

nanofibers containing catalytic materials. 

 Electrospinning provides a simple and highly versatile method for the large-scale 

fabrication of nanofibers in the range of few nanometers [133, 134]. The standard setup 

for electrospinning consists of a spinneret with a metallic needle, a high-voltage power 

supply, a syringe pump, and a grounded collector. In order to obtain a continuous sheet of 

nanofibers, the collector can be replaced using a rotating cylinder. Polymer, sol gel or 

composite solution is loaded into the syringe and driven to the needle tip using the 

syringe pump at constant flow rate. An electric field is applied to the needle tip using the 

high voltage power supply. When the electric field overcomes the surface tension of the 

droplet, the droplet is stretched into an electrified jet. The jet is then elongated by 

electrostatic repulsion until it is deposited on the grounded collector. The elongation by 

bending instability results in the formation of uniform fibers with nanometer-scale 

diameters [135].  

Enzymes are highly specific catalyst that can be used to detect very small amount 

of the substrate. This makes them ideal candidate as sensing element with polymer 

nanofibers as solid support in a biosensor. Conventionally, enzymes are immobilized on 

the electrospun fibers. This method has a drawback of enzyme immobilization only on 
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the external surface of the fiber without utilizing the vast inside volume of the nanofibers. 

To overcome this disadvantage, a direct method of electrospinning enzyme containing 

polymer solution have been used [136, 137], but most of these studies involved enzyme 

with water soluble polymers. This leads to leaching of enzymes and the polymer in 

aqueous solutions, which severely limits the use of these biocatalytic nanofibers as 

biosensors for clinical applications. Recently, Herricks et. al. [138] solved the leaching 

problem with solubilized enzyme in organic solvent by forming ion pair complex with a 

surfactant [85] and electrospinning a homogenous mixture of solubilized enzyme and 

water insoluble polymer. However, the highest enzyme loading achieved was 6.3 %, 

which is lower than that reported for immobilization of enzyme on electrospun fibers.  

Biosensors have been widely used for clinical, food and environmental purposes. 

Parameters that affect the performance of a sensor include sensitivity, selectivity, 

response time, reproducibility and aging, all of which are dependent directly on the 

property of sensing membrane used [139]. To detect gases and biological substances at 

low concentration, a high surface area to mass ratio of membrane material is desirable. 

This provides an opportunity for polymer nanofibers to be used as biosensors. The high 

surface area to mass ratio in nanofibers increases the loading of sensing element like 

enzymes on the nanofibers. Wang et. al. [140] reported that the sensors made from 

electrospun nanofiber membranes containing fluorescent poly(acrylic acid)-poly(pyrene 

methanol) for detecting metal ions (Fe3+ and Hg2+) and 2,4-dinitrotulene  exhibited a 

sensitivity of almost three orders of magnitude higher than that of thin films of the same 

material. A glucose sensor represents the class of biosensor that is widely used for 
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diagnostic purposes. Table 2-1 gives the historical landmarks in the development of 

glucose biosensors. 

Table 2-1 Historical landmarks in the development of glucose biosensors 

Date Event References 
1962 First Glucose enzyme electrode [141] 
1973 Glucose enzyme electrode based on peroxide detection [142] 
1975 Launch of first commercial glucose sensor system YSI Inc. 
1982 Demonstration of in vivo glucose monitoring system [143] 
1984 Development of ferrocene mediators [144] 
1987 Launch of first personal glucose meter Medisense Inc. 
1987 Electrical wiring of enzymes [145] 
1999 Launch of commercial in vivo glucose sensor Minimed Inc. 
2000 Introduction of a wearable noninvasive glucose monitor Cygnus Inc. 

 

The noninvasive glucose sensor (GlucoWatch) developed by cygnus Inc. consist of two 

hydrogel electrolyte disks that serve as the glucose collection reservoirs and contain the 

GOx enzyme, along with two sets of biosensor electrodes. Each electrode set includes a 

platinum-graphite-composite sensing electrode, a silver–silver chloride reference 

electrode, and a third that acts alternately as the counter electrode for the biosensor and 

the iontophoresis electrode. Iontophoresis current is passed for few minutes by the 

transdermal monitor to sample and measure glucose. The glucose is collected at the 

iontophoretic cathode where it reacts with GOx in the hydrogel, producing hydrogen 

peroxide. At the end of the collection period, the iontophoresis current is stopped, and the 

biosensors are biased at a potential relative to the silver–silver chloride reference 

electrode. The current obtained from the detection of hydrogen peroxide is integrated 

over few minutes. The iontophoretic current polarity then is reversed, and a second 

sample and measurement cycle is performed. The two measurements are averaged using 
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a rolling-average scheme and the result is used to calculate glucose level. However, the 

GlucoWatch is not reliable at very low level of glucose. The sensitivity of GlucoWatch is 

also hindered by bodily fluids like sweat. To overcome these shortcomings a biosensor 

that is not affected by aqueous solution and have high enzyme loading to detect low level 

of glucose should be substituted for the bioreceptor in a new generation biosensor.  
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CHAPTER III 
 

3. INTERFACIAL ASSEMBLY AND CHARACTERIZATION 
OF ENZYMES AT OIL-WATER INTERFACE 

 
 
3.1 Introduction 
 

The activity of an enzyme primarily depends on the three-dimensional structure of 

the protein, which is determined by its amino acid sequence. Covalent modification of 

enzymes always target at the functional groups that are on the side chain of the amino 

acid at the surface of the enzyme. Generally, chemical modification involves the linkage 

of a carboxyl groups of the backbone or to reactive groups in the side chains of internal 

residues to the terminal amino acid. Modification conditions are important to maintaining 

enzyme activity. Suitable modification methods should be under mild conditions that do 

not reduce the activity of the enzyme.  The nature of the reaction and the choice of the 

modifier determine the possibility and efficiency of the modification.  The parameters 

that affect the modification include pH, ionic strength of the buffer, temperature, the 

agents that are present in the media and the mechanical stress while modification are also 

very important which should be controlled to minimize loss of enzyme activity during 

modification. 

Enzymes are macro molecules that contain both hydrophobic and hydrophilic 

groups. The solubility of enzymes in organic solvent is determined by the overall surface 

hydrophobicity of the enzyme. Enzymes that are active at cell membrane interfaces such 

as lipases often contain large fractions of hydrophobic moieties present at the surface 
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which have low solubility in water. Aqueous soluble enzymes, covered by hydrophilic 

moieties at surface, are easily deactivated by unfolding at the interface. Thus, 

hydrophobic moieties should be introduced onto the surface of the enzymes to change the 

overall hydrophobicity of the enzymes and protect the enzymes while assembled at the 

interface. This can be achieved by attaching a hydrophobic tail to the hydrophilic enzyme 

head through covalent bond, generating a structure similar to a protein based surfactant. 

In this work, to characterize the surface assembly morphology of the interface-

assembled enzyme, Langmuir film balance was used. The response of modified enzymes 

at the interface to expansion and compression is a key factor in determining the ease of 

formation and stability of liquid membrane formed by the modified enzymes at the 

interface. The resultant interfacial tension kinetics can be interpreted in terms of 

adsorption/desorption, aggregation/ disaggregation, and intramolecular rearrangement of 

the interface-assembled enzymes. The mobility of the novel interface-assembled enzymes 

was further evaluated by using fluorescence recovery after photobleaching technique. 

 

3.2 Materials and Methods 
 
3.2.1 Chemicals 
 

Alcohol Dehydrogenase (ADH RS1) from Rodococcus species (EC 1.1.1.1, 444 

IU/ml) was obtained from Julich Chiral Solutions (Julich, Germany). Bovine Serum 

Albumin (BSA) standard was purchased from Sigma-Aldrich (St. Louis, MO). Carboxyl 

chloride terminated polystyrene (PS-COCl, Mw 2020) was purchased from Polymer 

Source, Inc. (Canada).  Toluene was purchased from J.T.Baker (Philipsburg, NJ). Protein 
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assay dye reagents were purchased from Bio-Rad laboratories (Hercules, CA). CuSO4 

(5H2O) and NaOH were purchased from VWR Sci. (PA). Ascorbic acid was purchased 

from Mallinckrodt, KY. Texas Red dye for FRAP analysis was obtained from Invitrogen. 

 
3.2.2 Enzyme modification 
 

Alcohol Dehydrogenase (ADH RS1) from Rodococcus species was chosen as 

model enzyme to investigate assembly morphology of interface-binding enzyme. The 

modification of ADH RS1 was done by adding 10 ml of toluene containing 10 mg of PS-

COCl into 1 ml of buffer (0.1 M Tris, pH 7.8) solution with enzyme concentration of 0.3 

µg/ml. The mixture was shaken at room temperature for 1 hour in dark. After 

modification, the mixture was centrifuged and the modified enzyme was obtained from 

the interface. The interface was purified by rinsing with toluene and buffer for three times 

to remove any unreacted polymer and native enzyme. The modified enzyme was stored at 

4 0C for future use. 

 
3.2.3 Protein Content Measurement 
 

The protein content of the enzyme solution and modified enzyme was measured by 

Bradford Protein Assay. The concentration of enzyme in aq. solution, both before and 

after the modification, was measured using Coomassie blue reagent[146]. A differential 

color change occurs in response to various concentrations of protein by binding to 

primarily basic and aromatic amino acid residues. In a typical measurement, 2.5 ml of 

reagent was put into cuvette followed by 50 ml of enzyme solution. The solution was 

incubated at room temperature for 5 minutes and then the absorbance at 595 nm was 
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measured on a UV-Vis spectrophotometer (Varian, Cary 50 Bio). BSA was used as the 

standard protein. 

The amount of protein content in the modified enzyme conjugate obtained from 

the interface was also verified by reverse biuret method[147]. Two analytical reagent 

were first prepared: reagent A was prepared by dissolving 15 mg CuSO4·5H2O, 45 mg of 

potassium sodium tartrate and 2.4 mg NaOH into 100 ml DI water. While, reagent B was 

prepared by dissolving 25 mg ascorbic acid and 37 mg bathocuproinedisulfonic acid 

disodium salt in 100 ml DI water. Typically 1 mg of modified enzyme conjugate and 10 

µl of water were added to 200 µl of reagent A and the mixture was incubated at 37 0C for 

5 minutes. Then 1000 µl of reagent B was added and the incubation continued for another 

30 seconds. The solution was filtered through0.2 µm syringe filters and the absorbance at 

485 nm was measured with the UV-Vis spectrophotometer. The BSA standard was used 

with the same procedure but with replacing the 10 µl water with protein solution of the 

same volume. 

 
3.2.4 Interfacial Surface Pressure Analysis 
 

A Nima 612 Langmuir film balance (Coventry, England) was first filled with DI 

water with a maximum surface area of 425 cm2. A block of Teflon with 75 cm2 area was 

placed in the center of the trough to reduce the compression ratio. 300 ng of interface-

assembled enzyme was spread on the water surface along with hexane and water. The 

system was then left for 20 min to allow the solvent to evaporate and modified enzymes 

to disperse throughout the interface. The system was then compressed and expanded for 
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two times to get a homogenous spreading of the modified enzymes at the interface. The 

experiment was monitored with a Retiga EXi digital camera (Tuscon, AZ). The barriers 

were compressed at a speed of 50 cm2/min. A Wilhemy plate made of paper was 

positioned in the interface at the center of the trough with its length parallel to the long 

dimension of the barrier. A commercial Wilhelmy plate (Nima Technologies) was used to 

monitor the surface pressure.  Readings were collected at a rate of 5 per second with an 

error of ± 1 mN/m. 

 
3.2.5 Fluorescence Recovery after Photobleaching  
 

The enzyme was dyed with Texas red dye. Typically 300 ng of enzyme in 1 ml of 

7.8 pH tris buffer was reacted with 50 µg of Texas Red for 1 hour in dark. This dyed 

enzyme was modified to assemble at the oil-water interface as outlined by the procedure 

above. FRAP experiments were performed on a Nikon C1 spectral imaging confocal 

microscope (Nikon Instruments Inc, Melville, NY) with 10 X objective. The modified 

enzyme was applied at a hexane-water interface in glass cell with cover slip bottom with 

water layer less than 1 mm in height from the bottom. Bleaching was performed for six 

seconds with a circular spot using the 20 mW 408 solid state laser, 15 mW 440 diode 

laser, 40 mW Argon laser of 457, 488, 514nm lines and 10 mW 561 diode laser  at 100% 

laser power. Fluorescence recovery was monitored with low laser intensity (20% of a 

10mW laser) of 561 nm line at 60 seconds intervals. 
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3.3 Results and Discussions 
 
3.3.1 Interfacial assembly of the enzyme 
 

A number of classes of enzymes are membrane bound, including phopholipases, 

peptidases, lactases, and glutaminases [105]. Most of these enzymes contain hydrophobic 

side chains that interact with fatty acid groups of the membrane phospholipids, thus 

anchoring the enzymes to the membrane. The most frequently studied interfacial enzyme 

is lipase, which acts on the carboxyl ester bond in acylglycerols to liberate organic acids 

and glycerol. Studies have shown that the active site of lipase is covered by a lid like 

hydrophobic polypeptide chain, which upon binding to a lipid interface, opens and 

becomes exposed to the lipid phase leading to fully accessible active site [13, 14, 148]. 

The hydrophobic lid enhances the hydrophobic interaction between enzyme and the lipid 

surface, resulting in the interesting interfacial activation phenomenon. However, for 

enzymes with high hydrophilicity, it is relatively hard for them to be adsorbed at the 

hydrophobic interfaces.  

In this research, hydrophobic polystyrene was deliberately attached to the ADH 

RS1 to enhance the surface hydrophobicity in order for the polymer-enzyme conjugate to 

assemble at oil-water interface. The protein content estimation by both Bradford analysis 

and reverse biuret method gave comparable efficiency of the modification procedure. An 

average yield of 53% of enzymes was obtained on modification by functionalized 

polystyrene. The resulting polystyrene-enzyme conjugate self-assembled at oil-water 

interface as seen from Figure 3-1. Oregon Green dye was used to label the enzymes. The 



 

green color observed at the oil

interfacial assembly, in contrast to native

Figure 3-1 Interfacial assembly of PS
Left – Native ADH RS1 
Polymer-enzyme 

 
 
3.3.2 Surface pressure analysis of interface assembled enzyme
 

When an amphiphile is spread on water at low surface concentration, the initial 

molecular organization is random. As the barrier is drawn across the trough, the surface 

area available to the amphiphiles is reduced and the molecules are pushed closer together. 

The surface pressure (π) will increase, provided the molecules remain on the surface and 

do not form bulk aggregates. As the pressure increases and the amphiphiles are 

compressed into a smaller area, the molecular organization increases as molecules make 

contact and begin to interact. An increase in pressure is observed as the area decreases. 

The first such inflection is typically from the liquid expanded phase to the liqu

condensed phase. On further reduction of area

the oil-water interface for modified enzyme, indicates a selective 

interfacial assembly, in contrast to native enzyme that remained in the aqueous phase.

al assembly of PS-ADH conjugate 
Native ADH RS1 dyed with Oregon Green in water

enzyme dyed conjugate at hexane-water interface

Surface pressure analysis of interface assembled enzyme 

When an amphiphile is spread on water at low surface concentration, the initial 

molecular organization is random. As the barrier is drawn across the trough, the surface 

available to the amphiphiles is reduced and the molecules are pushed closer together. 

) will increase, provided the molecules remain on the surface and 

do not form bulk aggregates. As the pressure increases and the amphiphiles are 

mpressed into a smaller area, the molecular organization increases as molecules make 

contact and begin to interact. An increase in pressure is observed as the area decreases. 

The first such inflection is typically from the liquid expanded phase to the liqu

On further reduction of area, a point is reached at which structural 
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water interface for modified enzyme, indicates a selective 

enzyme that remained in the aqueous phase. 
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ater interface 

When an amphiphile is spread on water at low surface concentration, the initial 

molecular organization is random. As the barrier is drawn across the trough, the surface 

available to the amphiphiles is reduced and the molecules are pushed closer together. 

) will increase, provided the molecules remain on the surface and 

do not form bulk aggregates. As the pressure increases and the amphiphiles are 

mpressed into a smaller area, the molecular organization increases as molecules make 

contact and begin to interact. An increase in pressure is observed as the area decreases. 

The first such inflection is typically from the liquid expanded phase to the liquid-

, a point is reached at which structural 
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Figure 3-2  Schematic of Langmuir trough set
 
 The Langmuir trough 

of modified enzyme clearly indicates a 

at the interface (Figure 3

wide apart, the monolayer has

little to change the surface tension of the subphase. In this region the monolayer is 

commonly considered to behave 

point the monolayer takes the form of expanded liquid. The kink in the isotherm or the 

transition point suggests that the monolayer can be further compressed without 

appreciably changing the pressure

transition and a well purified sample. 

collapse occurs and molecules are forced out of the two-dimensional plane.

up is shown in Figure 3-2. 

Schematic of Langmuir trough set-up for surface pressure analysis

The Langmuir trough or film balance study for observing the assembly behavior 

of modified enzyme clearly indicates a potential for monolayer assembly of the enzymes 

3-3). The isotherm indicates that initially when the barriers are 

wide apart, the monolayer has a relatively weak attraction between molecules 

little to change the surface tension of the subphase. In this region the monolayer is 

commonly considered to behave as a “gas phase”. On compression at the first transition 

point the monolayer takes the form of expanded liquid. The kink in the isotherm or the 

transition point suggests that the monolayer can be further compressed without 

appreciably changing the pressure. This relatively flat plateau strongly suggests a phase 

transition and a well purified sample. The monolayer transition in its fluidity
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confirmed using fluorescence microscopy

polymer-enzyme conjugate it 

for this transition.  One possibility is that the enzyme 

interface but on further compression the polymer is pushed out of the interface forcing 

the modified enzyme to take a more upright configuration at the interface. The

shown in Figure 3-3 did not appear to be the result of some impurity.  

concluded by rinsing the sample various time

Figure 3-3 Surface pressure isotherm of interface
On compression the monolayer behaves like (A) gas phase (B) liquid 
expanded phase (C) 

 
 The observation of small but significant transition in the 

surface pressure isotherm 

forming a compressed liquid phase or fluid gel phase

D 

using fluorescence microscopy. Because of the large size of the molecule the 

enzyme conjugate it is difficult to suggest and exact molecular structural reasons 

for this transition.  One possibility is that the enzyme may be lying about its axis at the 

interface but on further compression the polymer is pushed out of the interface forcing 

enzyme to take a more upright configuration at the interface. The

did not appear to be the result of some impurity.  

by rinsing the sample various times and the kink still remained.

Surface pressure isotherm of interface-assembled ADH RS1
On compression the monolayer behaves like (A) gas phase (B) liquid 
expanded phase (C) transition phase (D) liquid condensed phase.

The observation of small but significant transition in the plateau region

isotherm may be due to entanglement of the pushed out polymers 

forming a compressed liquid phase or fluid gel phase, or the change in the amount of 

A

B 

C 
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. Because of the large size of the molecule the 

is difficult to suggest and exact molecular structural reasons 

may be lying about its axis at the 

interface but on further compression the polymer is pushed out of the interface forcing 

enzyme to take a more upright configuration at the interface. The small kink 

did not appear to be the result of some impurity.  This was 

s and the kink still remained. 

 

assembled ADH RS1 
On compression the monolayer behaves like (A) gas phase (B) liquid 

transition phase (D) liquid condensed phase. 

plateau region of the 

entanglement of the pushed out polymers 

, or the change in the amount of 

A 
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interfacial water hydrating the enzyme. The final transition observed in the monolayer 

looks typical of a liquid expanded to liquid condensed transition. In Figure 3-4 the purity 

of the modified enzyme was verified by comparing the surface pressure isotherms of 

different preparations of interface assembled enzyme with varying degree of rinse of 

organic and aqueous phase. To verify if that transition is due to presence of impurities, a 

study was performed with treating the modified enzyme with varying degree of rinse in 

both aqueous and organic phase. Any unmodified molecule at the interface will be 

eventually taken out of the interface by repeated rinse with toluene and buffer. However, 

Figure 3-4 indicates that increase of rinse more than three times does not appreciably 

change the isotherm behavior, indicating that the small kink in the plateau region is real 

and corresponds to a physical change within the monolayer.  

 
Figure 3-4 Effect of varying degree of rinse on interface-assembled ADH RS1’s 

surface pressure isotherm. 
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3.3.3 Molecular diffusion measurements using fluorescence recovery 
 

FRAP is a technique used in cellular imaging and has been employed since the 

early 1970s to study molecular mobility in the plasma membrane, other organellar 

membranes, and the cytoplasm[149-151]. FRAP involves selective destruction of 

fluorescent molecules within a region of interest with a high-intensity laser, followed by 

monitoring of the recovery of new fluorescent molecules into the bleached area over time 

with low-intensity laser light. As photobleaching irreversibly damages fluorophores, the 

recovery of the fluorescence within the photobleached region is due to random motion or 

diffusion of the unbleached fluorescent molecules from the surroundings over time. The 

kinetics of recovery can be empirically determined by the time t1/2 required to reach 50% 

of complete recovery. The resulting information can be used to determine kinetic 

properties, including the diffusion coefficient, mobile fraction, and transport rate of the 

fluorescently labeled molecules[152, 153].  

FRAP experiments were performed on a confocal microscope (Nikon C1 series, 

NY). A 561 nm helium–argon laser was used for excitation (Figure 3-5). Three prebleach 

measurements of fluorescence intensity were taken with the 20% laser power, after which 

a circular area with a diameter of 0.046 mm was photobleached for six seconds using a 

fast scan rate at 100% laser power. Recovery of fluorescence within the region was 

imaged at a laser power of 20% of 561 nm line for 180 frames consecutively with a time 

delay of 60 seconds. The data obtained were corrected using fractional recovery. The 



 

obtained fractional recovery curves were fitted with a model for uniform

illumination conditions[154]

 

                                                                                              
Where I0 and I1 are modified Bessel functions.

using equation (3-2) from the diffusion time 
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Where ω is the radius of the bleached ROI. This equation assumes unrestricted two

dimensional (2D) diffusion in a bleached area with no recovery from above and below 

the focal plane. 

          

 
Figure 3-5 FRAP analysis on interface assembled ADH RS1 

(A) Photo bleached circular area at the interface
the bleached and the control area
180 minutes 
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are modified Bessel functions. The diffusion coefficient can be calculated 

) from the diffusion time τD obtained from fitting the equation.

       

is the radius of the bleached ROI. This equation assumes unrestricted two

dimensional (2D) diffusion in a bleached area with no recovery from above and below 

            

FRAP analysis on interface assembled ADH RS1  
(A) Photo bleached circular area at the interface, spots 1 and 2 represent 
the bleached and the control area respectively. (B) Recovered area after 
180 minutes  

The recovery data was corrected for the photobleaching during recovery process 

due to exposure to the laser source (Figure 3-6). Fitting the corrected recovery curve with 
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obtained fractional recovery curves were fitted with a model for uniform-disk 

                                                                                               3-1 
coefficient can be calculated 

obtained from fitting the equation. 

 3-2 

is the radius of the bleached ROI. This equation assumes unrestricted two-

dimensional (2D) diffusion in a bleached area with no recovery from above and below 

 

, spots 1 and 2 represent 
(B) Recovered area after 

was corrected for the photobleaching during recovery process 

). Fitting the corrected recovery curve with 
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equation 3-1 gave a characteristic time of 32.8 minutes. The bleach radius was 23 µm, 

using the equation 3-2, the diffusion coefficient was calculated to be 6.7×10-10 cm2/sec. It 

is three orders of magnitude less than that of native protein in solution, which has a 

diffusion coefficient in the order of 10-7 cm2/sec[155]. However, the diffusion coefficient 

obtained for interface-assembled enzyme is on the same magnitude as that for membrane 

binding proteins in natural systems[156]. The lower value of diffusion coefficient of 

interface-assembled enzyme than that of native enzymes is due to the limited mobility of 

the interface-assembled enzyme at the oil-water interface. This limited two dimensional 

mobility will affect the activity of the interface-assembled enzyme. The issue of limited 

mobility is addressed in subsequent chapters. 

 

Figure 3-6 Quantitative FRAP data for evaluating diffusion coefficient  
(-) Normal photobleaching of control area (×) Recovery of the bleached 
spot (▲) Normalized recovery corrected for photobleaching  
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3.4 Conclusion 
 

Attachment of hydrophobic polymer to a dehydrogenase enzyme, ADH RS1, 

yielded a stable interface-assembled enzyme. Surface pressure analysis of the interface-

assembled enzymes indicated a monolayer formation with distinct transformation of 

phases at the interface. The surface pressure isotherms were repeatable indicating a 

monolayer formation of interface-assembled enzymes with little or no aggregates 

formation at the interface. The FRAP analysis gave the two dimensional diffusion 

coefficient of the interface-assembled enzyme at the oil-water interface. The diffusion 

coefficient is three orders of magnitude less than that of native enzyme, indicating the 

mobility of the enzyme at the interface may be a chief limiting factor in evaluating the 

activity of the interface-assembled enzyme. 
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CHAPTER IV 
 

4. STABILIZATION OF INTERFACE-BINDING 
CHLOROPEROXIDASE FOR INTERFACIAL 

BIOTRANSFORMATION 
 
 
4.1    Introduction 
 

An enzyme molecule on adsorption at an interface starts to unfold and results in 

rearrangement of the macromolecular structure. This occurs because of the enzyme 

experiences a different thermodynamic environment at the interface from that previously 

experienced in bulk phase, which alters the relative contributions of the various forces 

that determined its three dimensional structure[12]. Therefore, the enzyme molecule 

unfolds to attain the lowest free energy conformation in accordance with the new 

environment. The major driving force for protein unfolding at the interface is the 

hydrophobic effect that rearranges the structure of enzymes by placing predominantly 

non-polar polypeptide segments in oil phase and polar segments in aqueous phase. On 

modification of enzymes with polymer to self-assemble at oil-water interface, the 

presence of polymer protects the enzyme from unfolding. Also, the localization of the 

modified enzyme at the interface shields the enzyme from higher concentration of bulk 

phase denaturants. Epoxidation of styrene by chloroperoxidase (CPO) was chosen as a 

model reaction system to investigate the factors affecting the stability of interface-

assembled enzyme. 

CPO catalyzes the enantioselective synthesis of a broad range of valuable 

compounds[157-161].  In particular, the preparation of optically active epoxides, which 
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are versatile chiral intermediates[162] has been much explored over the past two decades.  

However, the lifetime of CPO under normal reaction conditions using H2O2 as oxidant 

lasts for only about 30 min[163]. Longer lifetime of CPO can be realized by controlling 

the concentration of H2O2 at low levels.  However, this usually does not significantly 

improve the overall turnover number of the enzyme.  

One additional issue in using CPO for organic synthesis is the immiscibility of its 

hydrophobic and hydrophilic substrates.  Traditionally,  biphasic reaction systems with 

enzymes applied in the aqueous phase have been employed to carry out biotransformation 

that involve immiscible reactants [91, 92].  An obvious drawback of such a reaction 

configuration is that only enzyme molecules in the vicinity of interfaces are effectively 

involved in the reaction, while the majority of the catalysts in the bulk aqueous phase are 

not used[101, 164]. Wang and coworkers [112, 165] recently reported that interfacial 

biocatalysis with interface-binding enzymes could significantly improve the overall 

catalytic efficiency of enzymes for biphasic reactions.  Interface-binding enzymes were 

prepared by conjugating enzyme molecules with hydrophobic polymers such as 

polystyrene (PS).  In the case of CPO, the PS-conjugated enzyme could improve the 

overall productivity of CPO by up to 25 times[165]. That was a combined result of the 

improved catalytic kinetics and reduced enzyme exposure to the aqueous phase-based 

H2O2.  Still, deactivation by H2O2 is the limiting factor.  

One approach to improve the stability of CPO is to control the exposure of the 

enzyme to H2O2. There are different ways to achieve that.  Slow addition of H2O2 [166] 

and in situ generation of H2O2 by using GOx[167], as attempts to avoid contacting the 
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enzyme with concentrated H2O2, have been reported effective in extending the duration 

of the enzyme activity.  Compared to the addition of H2O2, in situ generation could avoid 

enzyme deactivation at the entry point of H2O2 inlet where high local concentration of 

peroxide is expected[167].  Encapsulation is another way to control the exposure of CPO 

to H2O2. It was reported recently that encapsulation of CPO in porous silica glass also 

improved the enzyme stability[161, 168].  Even though various factors may contribute to 

this stabilization effect, it seems to us it is mostly due to the reduced direct exposure of 

the enzyme, or reduced local concentration of peroxide in the vicinity of the enzyme.  

Similar mechanisms resulted in enhanced stability of interface-binding CPO, which is 

also only partially exposed to the peroxide solution[165].   

Another approach to stabilize CPO is the use of stabilizers.  Andersson et al. 

[169] reported that the addition of polyethyleneimine (PEI) improved the storage stability 

of native CPO.   In this work, as an attempt to further extend the operational life time of 

the interface-bound CPO, The effectiveness of both the stabilizers and in situ generation 

of H2O2 in biphasic reaction systems was evaluated. 

 

4.2 Materials and Methods 
 

4.2.1 Chemicals 
Chloroperoxidase (CPO) from Caldariomyces fumago (EC 1.11.1.10, 26 IU/mg, 

RZ-1.12) was provided as a gift from Bio-Research Products, Inc. (North Liberty, IA). 

Glucose oxidase (EC 1.1.3.4, 245.9 IU/mg) was obtained from Sigma. Styrene (99%) and 

citric acid were purchased from EM Science (Gibbstown, NJ). Potassium sodium tartrate, 
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polyethylene glycol (PEG, Mw 550), glucose, and ethylene glycol were purchased from 

Sigma (St. Louis, MO). (S)-(-)-styrene oxide (98%), (R)-(+)-styrene oxide (98%), 

polyethyleneimine (PEI, Mw 2000), polyvinyl alcohol (PVA, Mw 13000-23000), 

polyacrylonitrile (PAN)  and bathocuproinedisulfonic acid disodium salt were purchased 

from Aldrich Chem. Co. (Milwaukee, WI). Glycerol was obtained from Fluka. sucrose 

monododecanoate (Ryoto sugar ester) was obtained from Mitsubishi-kugaku foods 

corporation (Japan). H2O2 aqueous solution (30v/v) was purchased from Fisher Scientific 

(Fair Lawn, NJ). Sodium citrate (99%) was purchased from Alfa Aesar (Ward Hill, MA). 

Carboxyl chloride terminated polystyrene (PS-COCI, Mw 2020) was purchased from 

Polymer Source, lnc. (Canada). Toluene was purchased from J.T. Baker (Phillipsburg, 

NJ). Protein assay dye reagents and BSA standard were purchased from Bio-Rad 

laboratories (Hercules, CA). CuSO4 (5H2O) and NaOH were purchased from VWR Sci. 

(PA). Ascorbic acid was purchased from Mallinckrodt, KY. 

 

4.2.2 Modification of enzymes 
 
The modification of chloroperoxidase with polystyrene in a biphasic system and 

subsequent characterization of the resulted interface-binding CPO was performed 

according to the method described by Zhu et. al.[112].  Typically, 5 mg of CPO was 

dissolved in 1 ml of 0.05M pH 4.5 citrate buffer and the solution subsequently added to 1 

ml of toluene containing 5 mg of PS-COCl. The reaction was carried out at room 

temperature for 8 h under shaking at 240 rpm. The reaction mixture was then centrifuged 

at 12,000 rpm for phase separation. The interface-binding modified CPO, was recovered 
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by removing the bulk phase solutions. The product was further purified by washing with 

buffer and toluene, each for at least 5 times, to remove residual free enzyme and polymer 

modifier.  The same procedure was followed for the modification of GOx. 

Protein loadings of polymer-enzyme conjugates were determined by the reverse 

biuret method[147]. Two analytical reagent solutions were first prepared and stored at 

room temperature: reagent A was prepared by dissolving 15 mg CuSO4·5H2O, 45 mg of 

potassium sodium-tartrate and 2.4 g NaOH into 100 ml DI water, while reagent B was 

prepared by dissolving 25 mg ascorbic acid and 37 mg of bathocuproinedisulfonic acid 

disodium salt in 100 ml DI water. Typically I mg of  interface –binding CPO and 10 µl 

water were added to 200 µl reagent A and the mixture was incubated at 370c for 5 min. 

Then 1000 µl of reagent B was added and incubation was continued for an additional 0.5 

minute. The solution was filtrated through 0.2 µm syringe filters and the absorbance at 

485 nm was measured for the filtrate on a Shimadzu uv-1601 UV-Vis spectrophotometer. 

The protein content was calculated using BSA calibration determined through the same 

procedure except that the l0 µl water was replaced with protein solutions of the same 

volume. Typical protein loading was ~0.2 mg-protein/mg conjugate. 

 

4.2.3 Styrene epoxidation by chloroperoxidase 
 
Reactions were carried out in a biphasic system. Batch reactions were conducted 

in a 50-ml magnet stirred reactor, stirred at 600 rpm. Styrene (4 ml) and toluene (1ml) 

was used as the organic phase, while 10 ml of pH 4.5 citrate buffer (0.05 M) was applied 

for the aqueous phase. For reactions with both native and interface-binding CPO, the 
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enzyme concentration was controlled at 0.04 mg ml-1, totally 0.4 mg of CPO, in aqueous 

phase. The concentration of all the chemical stabilizers was maintained at 5 mM in 

aqueous phase. H2O2 was introduced by either in situ generation or direct addition 

through syringe pump.  For in situ generation, GOx concentration was maintained at 0.08 

mg ml-1 in the aqueous phase.  Initial concentration of glucose was made to 100 mM in 

the aqueous phase that had 7.8 mg ml-1 of dissolved oxygen. For reactions with interface-

binding GOx, 0.8 mg of PS-conjugated GOx was used for the same reaction size.  For 

direct addition, 100 mM of H2O2 was added to the reaction mixture by a syringe pump at 

the rate of 8.2×10-3 ml min-1.  

 

4.2.4 GC analysis of styrene epoxides 
 
The reaction was monitored by measuring the concentration of products in 

organic phase using Gas Chromatography (GC-17A,Shimadzu) equipped with a 

β−DEXTM 225 fused silica capillary column (30 m x 0.25 mm x 0.25 µm, from supelco 

Bellefonte PA) Aliquots of 180 µl for GC analysis were taken periodically from the 

organic phase during the reactions. The temperature of the column was kept at 110 0C 

with injection temperature at 2200C and detector temperature of 3000C.  The GC 

chromatograms showed separated peaks for R- and S-styrene epoxides. Commercially 

purchased R- and S-styrene epoxide standards were used for calibrations. 
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4.2.5 Pretreatment for stabilizer addition 
  

All the stabilizers were readily miscible with citrate buffer except sucrose 

monododecanoate, which was dissolved in hot buffer at 50oC.  The buffer was cooled to 

22oC before the reaction initiated. The pH of the buffer was adjusted to 4.5 after addition 

of PEI since the polymer is slightly basic. 

 

4.3 Results and Discussions 
 

4.3.1 Effect of stabilizers on operation stabilities of native and PS-conjugated CPO 
 
It is generally believed the deactivation of CPO by H2O2 is caused by the 

oxidation of porphyrin ring by species such as superoxide anions, hydroxyl radicals and 

singlet oxygen that are produced during the catalytic cycle[170]. The oxidized 

intermediate form of CPO, compound I, possessing a heme radical cation coordinating 

FeIV=O functionality was believed to cause enzyme deactivation if compound I is not 

quickly reduced by the subsequent oxidation reaction of substrates.  Slower oxidation of 

the substrate generates higher possibilities for enzyme deactivation.  Under normal 

reaction conditions, native CPO’s activity lasts only about 20 minutes.  Desired 

stabilizers should ideally be able to interact with the species that causes the oxidation of 

porphyrin ring, thereby slow down the oxidation and at the same time do not hinder the 

oxidation reaction of substrates. 

Andersson et al. [169] reported that the addition of polyethyleneimine (PEI) 

improved the storage stability of native CPO. While the result was greatly interesting, 

that was not a systematic evaluation of different types of stabilizers. In this section, the 
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stabilization effect for native CPO of several different types of stabilizers including 

polymers and small molecules was first evaluated. Table 4-1 shows the effect of 

stabilizers on the operational stability of native CPO.   

Table 4-1 Effect of stabilizer on native CPO productivity  

Stabilizer   
Initial reaction 

ratea TTNb 
Lifetime 

(min) 
ee 

(%) 
without stabilizer   0.37 260 20 47 
PEG   0.28 346 50 58 
PEI   0.32 217 20 57 
PAN   0.33 261 40 58 
Glucose   0.29 252 50 59 
Glycerol   0.29 244 35 59 
Ethylene glycol   0.33 200 12 53 
Sucrose monododecanoate 0.45 284 20 52 
aInitial reaction rate in µmol product per mg chloroperoxidase per minute 
bTotal turnover number (mol product/mol chloroperoxidase) 

 

 Although the use of PEI to extend the storage stability of CPO against H2O2 was 

found effective, the activity of CPO was found slightly decreased [169].  In the 

evaluation of operational stability, PEI did not show any effect on the duration of the 

activity of the enzyme (Table 4-1).  The initial reaction rate in the presence of PEI was 

slightly lower than that of CPO without addition of any stabilizers.   Interestingly, PEG, 

PAN and glucose all effectively extended the duration of the CPO activity -- the 

operational lifetime was extended by up to 2.5 times.  Although CPO still shows the 

highest initial reaction rate without any of these additives,  PEG increased the total 

turnover number (TTN) of the enzyme by 33% .  Glycerol, a widely used protein 

stabilizer, also showed stabilizing effect for CPO, but the resulted TTN was lower than 
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pure CPO.  Noticeably, ethylene glycol, the monomer of PEG, decreased the operational 

lifetime of CPO.  The actual reason for that is not clear at this moment.  Sucrose 

mondodecanoate did not alter the lifetime of CPO, but increased initial reaction rate.  The 

increased reaction rate may be attributed to the functionality of sugar ester as a surfactant, 

which may help the dispersion and improves the availability of styrene for reaction in the 

aqueous solution.   

All the stabilizers examined changed the enantioselectivity of CPO.  The 

epoxidation reaction of styrene, CPO usually shows an ee number that ranges from 46 to 

49% in either monophasic aqueous or bipahsic reactions [163, 165, 171].  The selectivity 

of CPO also seemed to be quite sensitive to reaction conditions.  The addition of 

stabilizers increased the ee number as high as 20%.  That implies that the stabilizers may 

interact with active intermediates of CPO, and subsequently influence enzyme-substrate 

interactions.  The in situ generation of H2O2 by using GOx as to be discussed separately, 

the ee number of CPO was found in the range of 59~62%.  

The effect of stabilizers on activity of interface binding CPO is shown in Table 

4-2. Overall, the stabilizers showed similar effects on the reactions with interface-binding 

CPO.  For interface binding CPO, the highest TTN with a value of 423 was observed 

with the addition of PEG.   That is about 57% higher than that of the interface-binding 

CPO without any additives.  From the results as shown in Table 4-1 and Table 4-2, PEG 

appeared to decrease the reaction rate for native CPO, but increased the initial reaction 

rate for interface-binding CPO.  It is believed that PEG may help the dispersion of the 

interface-binding CPO at the oil-water interface; along with forming a solvent layer 



56 
 

around enzyme that can protect the enzyme from local high concentration of H2O2 

facilitate the reaction kinetics.  Except PEG, all the other additives resulted in similar 

reaction rate with both native and interface binding CPO. Their effects on the 

enantioselectivity of the enzyme remained about the same.  

 

Table 4-2 Effect of stabilizer on Interface-binding CPO productivity 

Stabilizer   
Initial reaction 

ratea TTNb 
Lifetime 

(min) 
ee 

(%) 
without stabilizer   0.35 269 30 49 
PEG   0.48 423 50 59 
PEI   0.31 239 30 57 
PAN   0.28 216 45 59 
PVA   0.22 144 20 53 
Glucose   0.34 296 55 58 
Glycerol   0.33 290 50 58 
Ethylene glycol   0.34 211 15 54 
Sucrose monododecanoate 0.45 284 25 52 
aInitial reaction rate in µmol product per mg chloroperoxidase per minute 
bTotal turnover number (mol product/mol chloroperoxidase) 

 

 

4.3.2 Effect of stabilizers on storage stabilities of native and PS-conjugated CPO  
 
One question remained unanswered is that at what stage the stabilizers influence 

the lifetime of enzyme:  during the reaction or via pre-reaction interactions with the 

enzyme.  Toward that, Experiments were conducted to evaluate the stabilizers’ effects on 

the storage stability of CPO.  This was performed by conditioning the CPO, both native 

and PS-conjugated, in the presence of both stabilizers and H2O2 before initiate the 

reactions.     
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The results are shown in Figure 4-1 and Figure 4-2 for native and PS-conjugated 

CPO, respectively. The storage stability of CPO without stabilizers was examined by 

incubating CPO with 1 mM H2O2 and toluene (buffer: solvent = 1:1 ml).  After certain 

amount of time of incubation, the reaction was started with addition of styrene.  Native 

CPO was found completely deactivated in less than 10 minutes, whereas interface-

binding CPO’s activity lasted for 30 minutes of incubation.  Again, this stabilization may 

be due to partial exposure of the interface-bound CPO to H2O2, which was held in the 

bulk aqueous phase. 

Not all the stabilizers improved storage stability of CPO against H2O2.  In the case 

of native CPO, only PEG and PEI showed evident stabilization.  After 60 minutes of 

incubation with 1 mM H2O2 in the presence of PEG or PEI, native CPO retained 45% 

(with PEG) to 30% (with PEI) of its original activity (also tested in the presence of the 

corresponding stabilizers in order to offset their effects on reaction rates).  The enzyme 

activity loss appeared to happen in the early stage of incubation, since the enzyme 

maintained that level of activity throughout the subsequent one day incubation.   On the 

other hand, PEG and PEI enhanced the storage stability of PS-conjugated CPO against 

H2O2 much more significantly. After incubation for one day, the enzyme still maintained 

about 60% of its original activity (Figure 4-2).   In addition, the activity loss took place 

gradually throughout the course of incubation.    One hypothesis is that the addition of 

polymeric species may hinder the interaction between the interface-bound CPO with 

H2O2 by forming solvent layer around the enzyme’s aqueous side through hydrogen 
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bonds.  The actual cause for such observations, along with the mechanisms of the 

stabilizer’s function, may need further systematic studies before being fully understood. 

In addition to PEG and PEI, glucose and glycerol showed modest but detectable 

stabilizing effect (Figure 4-2).    

 
  
Figure 4-1 Storage stability of native CPO with 1 mM H2O2 

(∆) without stabilizers; (●) with PEG;  (○) with PEI. 
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Figure 4-2 Storage stability of PS-CPO with 1 mM H2O2 

(▲) without stabilizers; (●) with PEG; (○) with PEI; (■) with Glucose; (□) 
with Glycerol. 

 

4.3.3 Enzyme stabilization via in situ generation of H2O2 
 

As has been reported previously by others [167], It was also observed that the in 

situ generation of  H2O2 by using GOx improved the operational stability of CPO.  Both 

native and PS-conjugated GOx were tested.   With native CPO (Figure 4-3), the use PS-

GOx resulted higher apparent reaction rate than the use of native GOx. PS-GOx, which 

has a structure as a surfactant, may help to reduce the size of oil droplet in the emulsion 

solution, and thus improve the overall reaction rate of CPO.   At the same time, native 

CPO showed longer lifetime in the presence of PS-GOx.  The reaction with PS-GOx 

continued even after one hour, while the reaction with native GOx stopped at 30 min 

(Figure 4-3).  That may be a result of the fact that when PS-GOx is used, H2O2 is mostly 
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generated and consumed in the interface region, while the majority of CPO is mostly 

exposed to glucose (which stabilizes CPO) in the aqueous solution.  Whereas in the case 

of native GOx, even though CPO is also exposed to glucose, but since GOx is also 

dissolved in the same solution, H2O2 is generated and exposed to CPO homogenously.  

The lifetime is then a result that combines the stabilizing effect of glucose and the 

deactivation effect of H2O2. Different from what was observed for native CPO, PS-CPO 

exhibited lower reaction rate when PS-GOx instead of native GOx was used (Figure 4-4).  

It had been previously observed that when too much enzyme assembled at the interface, 

the reaction rate generally decreased since the thick assembly of proteins at the interface 

might present mass transfer resistance to the reaction[112].  That mechanism may explain 

the current observation with interface-bound GOx and CPO since the assembling of both 

may generate a thick film.  However, the lifetime of PS-CPO was longer with PS-GOx 

than that with native GOx.  Overall, comparison of the results presented in Figure 4-3 and 

Figure 4-4, it is obvious that the best productivity was achieved with the combination of 

native CPO and PS-GOx. 
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Figure 4-3 Time course of styrene epoxidation catalyzed by native CPO with in situ 
generation of H2O2  
(■) interface-binding GOx and (□) native GOx  

 

 

Figure 4-4 Time course of styrene epoxidation catalyzed by PS-CPO with in situ 
generation of H2O2  
(■) interface-binding GOx and (□) native GOx  
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4.4 Conclusion 
 
 In summary, the performance of CPO appeared to be sensitive to a number of 

factors; however the understanding of the effects of these factors remains preliminary at 

this stage. From the experimental observation, interface-assembled CPO was generally 

more stable against H2O2 deactivation than native CPO under emulsion conditions.  A 

number of additives including PEG, PEI and glucose were found effective in stabilizing 

the enzyme.  Among the stabilizers examined, PEG appeared to be most effective by 

protecting the enzyme against hydrophobic and H2O2 deactivation by forming a solvent 

layer around the aqueous side of enzyme.   One interesting observation with PEI is that it 

enhanced the storage stability against H2O2 deactivation, but did not affect the enzyme’s 

operational stability. On the other hand, glucose enhanced the operational stability by 2 

folds, but exhibited no significant effect on storage stability.  In situ generation of H2O2 

using GOx improved the operational stability of CPO as a result of the stabilizing effect 

of glucose and the homogeneous generation of H2O2. 
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CHAPTER V 
 

5. SYNTHESIS OF INTERFACE-BINDING COFACTORS 
FOR BIOTRANSFORMATIONS ACROSS OIL-WATER 

INTERFACES  
 

5.1 Introduction 
 

The application of interfacial enzyme catalysis can be broadened considerably by 

developing a method for interfacial biotransformations with multienzyme-cofactor 

systems. The advantage of using enzymes like dehydrogenases along with cofactor for 

biosynthesis is that they allow for a wide range of possible reactants, and provide a higher 

level of molecular recognition[172-174]. Cofactors are an important class of 

biochemicals essential to the activities of a dehydrogenase class of enzymes in biological 

systems. The role of cofactors has become increasingly important in biosynthesis and 

different applications that includes various analytical, biomedical and technological 

processes, wherein they take part in wide range of redox reaction in food and 

pharmaceutical industries[175-177].  Presently the main constraint in use of cofactors is 

economic, cofactors like NAD(P)H are unstable and expensive molecules[178, 179]. 

Unlike electron transfer centers such as heme, copper and flavin in other enzymes, 

cofactors for dehydrogenase exist free in solution and function by binding to enzymes 

transiently during enzymatic oxidation and reduction[180-182]. Stoicometric cofactors 

that are consumed in dehydrogenase catalyzed reaction are required to be efficiently 

regenerated for process economy. Multienzyme coupled oxidation-reduction reactions 
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system has been used for cofactor regeneration[61, 183-185]. The hydrophilic nature of 

cofactors has limited their application to aqueous phase reactions, earlier efforts have 

attempted cofactor use and regeneration in organic phase[186, 187]. However, an 

important limitation had been the requirement of regeneration chemicals to be organic 

soluble, which are expensive and may not be available for many reaction systems.  

Alternatively, the cofactors can be modified to make them interface-binding, allowing 

organic phase synthesis with aqueous-based cofactor regeneration with relatively cheap 

and easily available chemicals. While modification of enzymes has been adopted widely 

for improvement of their efficiency in artificial reaction environments, little have been 

done with respect to chemical modification and engineering cofactors. Preparation of 

macromolecular derivates and immobilization of cofactors have been reported 

previously[188-190]. However, this study represents the first attempt in modifying the 

cofactors for self-assembly at liquid-liquid interface. 

It was previously shown that macromolecules like enzymes can be directed 

towards liquid-liquid interface by conjugation with polymers[112, 191] and interfacial 

multienzyme reactions can be realized with multiple turnover of cofactor[121]. In this 

study the activity and stability of interface-assembled cofactors with two separate 

multienzyme reaction systems with contrasting characteristics is evaluated. ADH LB and 

GluDH with free and interface assembled NADPH were used for reduction of 

acetophenone to S-(-)-1-phenylethanol in the organic phase with simultaneous oxidation 

of glucose to gluconic acid in aqueous phase. ADH RS1 and GDH with free and interface 

assembled NADH were used for reduction of acetophenone to R-(+)-1-phenylethanol in 
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the organic phase with simultaneous oxidation of glycerol to dihydroxyacetone in 

aqueous phase. This novel self-assembling multienzyme-cofactor system at liquid-liquid 

interfaces will open new avenues for interfacial science of proteins and promote 

advancement in bioprocessing technologies. The scaled up process of interfacial 

multienzyme reaction strategy is expected to enhance the potential of enzymes for 

various applications including organic synthesis, pollutant degradation, and fuel 

processing.  

5.2 Materials and Methods 
 

5.2.1 Chemicals 
 
Glucose Dehydrogenase (GluDH) “Amano” NA ( EC 1.1.1.47, 286 IU/mg) was a 

gift from Amano Enzyme Inc. (Nagoya, Japan). Alcohol Dehydrogenase (ADH RS1) 

from Rodococcus species (EC 1.1.1.1, 444 IU/ml) was obtained from Julich Chiral 

Solutions (Julich, Germany). Alcohol dehydrogenase (ADH LB) from Lactobacillus 

Brevis (EC 1.1.1.2, 0.44 IU/mg), Glycerol Degydrogenase (GDH) from cellulomonas sp. 

(EC 1.1.1.6,  59 IU/mg), D-Glucose (CAS 50-99-7), Acetophenone (CAS 15753-50-1), 

β-nicotinamide adenine dinucleotide phosphate reduced tetrasodium salt (NADPH) and 

β-nicotinamide adenine dinucleotide phosphate (NADP+) and Bovine Serum Albumin 

(BSA) standard were purchased from Sigma-Aldrich (St. Louis, MO). Carboxyl chloride 

terminated polystyrene (PS-COCl, Mw 2020) was purchased from Polymer Source, Inc. 

(Canada).  Toluene and Hexane was purchased from J.T.Baker (Philipsburg, NJ). Protein 

assay dye reagents were purchased from Bio-Rad laboratories (Hercules, CA). CuSO4 
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(5H2O) and NaOH were purchased fromVWR Sci. (PA). Ascorbic acidwas purchased 

from Mallinckrodt, KY. 

 

5.2.2 Preparation of interface assembled Cofactor 
 
Interface assembled cofactor was achieved by conjugating cofactor with already 

interface assembled protein molecule in a one-pot synthesis. BSA was modified with 

PSCOCl to assemble at the interface according to the method described above. Typically 

10 mg of native BSA in 1ml of 0.05 M pH 7.8 phosphate buffer was contacted with 10 ml 

toluene containing 10 mg of PS-COCl. The mixture was shaken at 240 rpm in dark for 1 

h at room temperature.  The reaction mixture was then centrifuged at 10,000 G for 5 

minutes for phase separation. The interface-binding BSA was recovered by removing the 

bulk phase solutions. The product was further purified by washing with buffer and 

toluene repeatedly for three times, to remove residual free BSA and polymer modifier. 

Protein loadings of polymer–BSA conjugates were determined by the reverse biuret 

method[147]. The modified BSA after purification was contacted with 10 ml of 0.05 M 

7.8 pH phosphate buffer with cofactor (NADH, or NADPH), 25 mM N-

Hydroxysuccinimide (CAS 6056-82-6) and 5 mM 1-(3-Dimethyl-aminopropyl)-3-

ethylcarbodiimide hydrochloride (CAS 25952-53-8) for 1 hour in hexane-buffer biphasic 

system. The reaction mixture was then centrifuged at 10,000 G for 5 minutes for phase 

separation. The interface-binding modified cofactor was recovered by removing the bulk 

phase solutions. The product was further purified by washing with buffer and hexane 

repeatedly for three times, to remove residual free cofactor, EDC and NHS. The amount 
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of cofactor modified was determined by monitoring the change of absorbance of the 

aqueous solution at 340 nm both before and after modification. 

5.2.3 Interfacial reactions 
 
Two separate reaction systems were used to evaluate the activity and stability of 

interface-assembled cofactor. Batch reactions were carried out in a reactor with an 

interfacial area of 19.6 cm2 in a biphasic system. ADH LB and GluDH, both native and 

interface-assembled, with free and interface assembled NADPH were used for reduction 

of acetophenone to S-(-)-1-phenylethanol in the organic phase with simultaneous 

oxidation of glucose to gluconic acid in aqueous phase. ADH RS1 and GDH, both native 

and interface-assembled, with free and interface assembled NADH were used for 

reduction of acetophenone to R-(+)-1-phenylethanol in the organic phase with 

simultaneous oxidation of glycerol to dihydroxyacetone in aqueous phase. These reaction 

systems were carried out in a 50 ml reactor with 10 ml of 7.2 pH 100mM phosphate 

buffer as aquoues phase and the organic phase contained 5 ml Hexane, while the amounts 

of enzymes and cofactor, either interface-assembled or native, were adjusted as 

necessary. Mild stirring (120 rpm) of the interface was applied mechanically. The 

reaction was followed by analyzing the product, S-(-)-1-phenylethanol or R-(+)-1-

phenylethanol, in organic phase using GC with aliquots of 0.15 mL withdrawn 

periodically from organic phase. 

5.2.4 GC analysis 
 
Both reactions systems were monitored by measuring the concentration of 

products in organic phase using Gas Chromatography (GC-3100, Varian) equipped with 
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β-DEXTM 225 fused silica capillary column (30m×0.25mm×0.25µm), from Supelco 

Bellefonte PA). Aliquots of 150 ul of organic phase were used for GC analysis. The 

injection temperature was maintained 220 0C with detector temperature of 300 0C. The 

column temperature was maintained at 100 0C for 5 minutes and ramped to 210 C at 10 

0C /min. Commercially purchased R-(+)-1-phenylethanol and S-(-)-1- phenylethanol 

standards were used for calibrations. 

 

5.3 Results and Discussions 
 
The structure of pyridine cofactors like NAD(P)H involves unique combination of 

functional groups that are required for different oxidoreductases enzymes to carry out 

biotransformations. The nicotinamide group is the oxidation, reduction center and the 

remaining portion of the molecule is needed for selective interactions with enzymes. The 

structure of NAD(P)H offers different functional groups for chemical modification 

(Figure 5-1). However, any changes to the nicotinamide moiety causes drastic reduction 

in enzyme’s activity but radical changes to the adenosine-5-monophosphate moiety does 

not appreciably affect the cofactor’s function. Crystallographic data for dehydrogenases 

indicate that the adenine ring exist in the hydrophobic pocket and is exposed to 

solvent[192]. Therefore, this part of the molecule is the most favored for chemical 

modification. Two positions of N6 and C8 on the adenine ring have been the most studied 

for NAD(P)H modification. The high electron density at the C8 carbon on the adenine 

ring makes it the ideal position for electrophilic substitution[193]. However, N6 modified 

NAD(P)H derivates exhibit a better activity by maintaining a more favorable access to 
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the adenine binding site in the enzyme[194]. The N6 position in the adenine ring of 

NAD(P)H has been conventionally considered suitable site for synthesis of 

macromolecular derivates of these cofactors, as deamino-NAD+ exhibited appreciable 

activity with different dehydrogenases[195]. The attachment of a reactive functional 

group at this position has been used as as first step in many derivatization of NAD(P). 

The modification of amino group in adenine ring of NAD(P)H is conventionally 

performed in multiple steps that includes alkylation of N1 position, followed by a 

chemical reduction of the nicotinamide group, a subsequent dimorth rearrangement from 

N1 to N6 position under alkaline conditions and finally an optional enzymatic oxidation of 

nicotinamide group. The N6 position have been modified with various functional moieties 

like iodoacetic acid[196], 3-propiolactone[197] and 3-iodopropionic acid[198] for 

synthesis of N6-carboxymethyl NAD(P). N6-aminoethyl NAD(P) has been synthesized 

using ethyleneimne[194]. Epoxy functional groups at N6 position were introduced using 

compounds like 1,2,7,8-diepoxy octane[199] and alkylating agents like 3,4-epoxy 

butanoic acid has been used to syntheze N6-2-hydroxy-3carboxypropyl NAD[200]. The 

main disadvantage of these preparations had been low yields due to losses during the 

purification step and long time for preparation.  

5.3.1 Interfacial assembly of cofactors 
 
The present work reveals a quick, one-pot, high yield synthesis of macromolecule 

derivatized cofactor that can self-assemble at liquid-liquid interface. Modification of 

NAD(P)H for self-assembly at liquid-liquid interfaces has a tremendous potential in 

scaling up the interfacial biocatalysis process. The downstream processing of both 
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aqueous and organic phases will be greatly minimized by incorporating the cofactor at 

the interface. The method to synthesize the novel self assembling NAD(P)H is depicted 

in Figure 5-1. Both NADH and NADPH were assembled at the interface by similar 

modification procedure. BSA was first contacted with PSCOCl to form interface 

assembled protein. The carboxyl functional groups available on the surface of interface-

assembled BSA were functionalized with EDC. EDC reacts with the carboxyl group on 

BSA surface to form an amine-reactive O-acylisourea intermediate. However, the 

intermediate is susceptible to hydrolysis, making it unstable and short-lived in aqueous 

solution. The presence of NHS stabilizes the amine-reactive intermediate by converting it 

to an amine-reactive NHS ester, thus increasing the efficiency of EDC-mediated coupling 

reactions. The amine-reactive NHS ester intermediate has sufficient stability to permit 

reaction with amine group in the adenine ring of NAD(P)H. This design for synthesis of 

modified NAD(P)H results in stable assembly of NAD(P)H at liquid-liquid interfaces, 

with a chemically well-defined linkage between NAD(P)H and interface-assembled BSA 

molecules. The method of synthesis also facilitates in easier purification of interface-

assembled NAD(P)H. The modified cofactors were recovered by washing both aqueous 

and organic phases with fresh buffer and hexane respectively. The reaction for coupling 

NAD(P)H to macromolecules for interfacial assembly was complete in 60 minutes, 

compared to 24-48 hrs in conventional methods and does not require harsh conditions 

like high alkalinity. The amount of NAD(P)H assembled at the interface was quantified 

by observing the reduction of absorbance at 340 nm in aqueous phase. The stabilization 
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of amine reactive O-acylisourea intermediate by NHS improved the overall yield of 

modification procedure to 67%.  

     

                

Figure 5-1 Synthesis of interface-assembled cofactor  
BSA, bovine serum albumin; PSCOCl, carboxy chloride terminated 
polystyrene; EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; NHS, 
N-hydroxysuccinimde  
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5.3.2 Characterization of interface-assembled cofactors 
 

The modification of NAD(P)H for interface assembly was characterized by X-ray 

photoelectron spectroscopy. Measurements were performed using Surface Science 

Instruments SSX100 with monochromatic Al K-alpha x-rays to excite spectra.  Data were 

obtained at two pass energies: Survey 150 eV and High Resolution 50 eV. Before the 

XPS experiment, the interface-assembled cofactor was washed with high-purity 

deionized water and ultra pure toluene to remove all soluble materials from the interfacial 

material. The interface-assembled cofactor was then deposited over a gold plate and 

blow-dried in nitrogen gas.  

 

(A) 
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Figure 5-2 X-ray photoelectron spectroscopy spectral analysis  
(A) Comparison of spectral analysis of interface-assembled NADPH with 
that of its precursors (B) The peak fit of the C1s analysis of interface-
assembled NADPH. 

 
The XPS analysis provides only qualitative data as the functionalities from the 

XPS analysis is difficult to quantify since the surface is rough and the analysis is done 

only for the first few nm of the material. The presence of unique functionalities in 

interface-assembled cofactor that can come from only one of the precursors and can be 

taken as a confirmatory marker for the presence of that precursor in the final material of 

interface assembled cofactor. The spectral analysis of interface-assembled NADPH 

indicates presence of sulfur (Figure 5-2), which is from Cysteine or Methionine from 

BSA. The presence of sodium and phosphorous corresponds to that of NADPH from the 

spectral analysis, as all spectral analysis of other precursors does not contain sodium of 

(B) 
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phosphorous. The presence of ring structure at 291 ev is unique to the benzene ring 

present in polystyrene and is not shown in the C1s analysis of rings from NADPH 

(Figure 5-2).The above observations clearly represents that the surface that self-

assembled at liquid-liquid interface contains the modified cofactor. These results also 

confirm the purity and the feasibility of attempted reaction pathway for synthesis of 

stable, chemically well-defined linkage between NAD(P)H and interface-assembled BSA 

molecules for interfacial biotransformations involving interface- assembled cofactors.  

The dehydrogenase-cofactor catalyzed biotransformations can become more 

economically viable on using coupled reaction systems for efficient use of expensive 

cofactors. The usefulness of a coupled reaction system is determined by the turnover 

number of the cofactor. The factors that influence the cofactor turnover include substrate 

solubility, stability of enzymes, product inhibition, rate of deactivation of cofactor and 

type of reactor[201-204]. The turnover number can be considerably increased if the 

cofactors can be retained in the reactor while the substrate is continuously added with 

simultaneous removal of product.  A biphasic system with cofactor localized at the 

interface will offer access to reactants dissolved in either phase, allowing organic 

synthesis with regeneration half-cycle in the aqueous phase. 

 

5.3.3 Activity and stability of interface-assembled cofactors 
 

The interface-assembled cofactor’s efficiency to catalyze enzymatic reactions was 

studied by employing the interface-assembled cofactor in different reaction system. Two 

distinct multienzymatic reaction systems that were cofactor dependent were used with 
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free and interface-assembled cofactor to evaluate the stability and efficiency of the 

prepared modified cofactor (Figure 5-3). One multienzymatic reaction system involved 

NADH/NAD+ as cofactor with reduction of acetophenone to S-(-)-1-phenylethanol in the 

organic phase with simultaneous oxidation of glycerol to dihydroxyacetone in aqueous 

phase by enzymes ADH RS1 and GDH respectively (Figure 5-3a). Another 

multienzymatic reaction system involved ADH LB and GluDH with NADPH/NADP+ as 

cofactor for reduction of acetophenone to R-(+)-1-phenylethanol and oxidation of glucose 

to gluconolactone in organic and aqueous phase respectively (Figure 5-3b).  

 

                    

  

Figure 5-3 Multienzymatic reactions with potential importance for interface-
assembled cofactors 
(A) NADH (B) NADPH 

 

The multienzymatic reaction system involving ADH RS1 and GDH with NADH 

as cofactor is a very attractive reaction in producing two commercially important 

chemicals, S-1-phenyletehanol is an important pharmaceutical intermediate and 

dihydroxyacetone is used in sunless tanning lotion apart from being an important 

(A) (B) 
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pharmaceutical chemical. However, this reaction system is a chemically a slow reaction 

that is thermodynamically limited around neutral pH range. The Gibbs free energy 

change for each reaction in the reaction system is a key component in determining the 

extent of overall regeneration of cofactor. As the reaction system involves two different 

phases, organic and aqueous, for a sustainable cofactor regeneration both reactions in 

either phase must be spontaneous or have a negative Gibbs free energy change separately. 

To predict the extent of reaction in either phase the prediction model developed 

by Alberty[205] for biochemical reactions was used. This equation accounts for both 

ionic strength and pH of the solution. However, for the current reaction system, ∆G for 

both acetophenone and phenylethanol was not adjusted to ionic strength and pH effects as 

these two compounds are in the organic phase and are not affected by the pH of aqueous 

solution. For all other compounds, the values of ∆G after the pH adjustment as predicted 

by the equations were used.  

   

 

 

 

The prediction of extent of reaction by the above equations indicates that any pH 

above 10 will yield in a sustainable NADH regeneration cycle (Figure 5-4). This 

prediction does not account for the presence of interface assembled NADH or the 

presence of enzymes at the interface that may alter the local phase behavior of both 

reactions in either phase. However, the predictions give a general trend of the behavior of 

∆G(I) = ∆G(I=0) – 2.91482Z2I1/2/(1+BI1/2)       5-1 

∆Gapp = ∆G(I) - Ni(H
+)[ ∆G0(H+) + RT*ln([H+])     5-2 
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the whole system involving two phases and two separate reactions. Based on these 

predictions, a pH above 10 will lead to multiple NADH regeneration.  

 

 

Figure 5-4 Theoretical predicted Gibbs free energy  
(solid) oxidation of glycerol (dotted) reduction of acetophenone 

  

 The predicted value may not be the optimum pH for this biotransformations 

reaction involving multienzymes. As seen from Figure 5-5 the enzyme ADH RS1 loses 

its activity rapidly above pH 7. This biochemical limitation forces the use of a pH below 

7.5 for this particular reaction system. However, based on the Gibbs free energy 

calculation and the activity of GDH in aqueous phase at lower pH, the overall 

regeneration efficiency of NADH is limited. This combination of pH dependent behavior 

of both ∆G and enzyme’s activity greatly reduces the chances of multiple turnover of 

NADH on combining the reduction of acetophenone and oxidation of glycerol together. 

-120

-90

-60

-30

0

30

60

0 4 8 12

∆∆ ∆∆
G

 (k
J/

m
ol

)

pH



78 
 

Based on these observations a pH of 7.2 was used to carry out the multienzyme reaction 

system.  

 
Figure 5-5 pH dependency of enzyme’s activity in reaction system 1 with 

NADH/NAD+ as cofactor  
(■) ADH RS1 (×) GDH 

 

 Figure 5-6 compares the initial reaction rate of reduction of acetophenone by 

native ADH RS1 with simultaneous oxidation of glycerol by native GDH with free 

NADH and with Interface-assembled NADH. The results clearly indicate an active 

modified NADH at the interface and establishes efficient effectiveness of modified 

NADH is taking part in enzymatic catalysis even after being covalently attached to a 

macromolecule. However, the interface-assembled NADH has a reduced activity when 

compared to free NADH. The activity is reduced by about 50% but this reduction on 

immobilization or modification of NADH was expected due to various factors like 
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limited interaction with native enzymes in aqueous solution as compared to free 

cofactors.   

 

 

Figure 5-6 Initial reaction rate of reduction of acetophenone by ADH RS1 with 
simultaneous oxidation of glycerol by GDH  
(□) Free NADH (×) Interface-assembled NADH 

 

 As predicted by both theoretical calculations and pH dependency studies, the 

number of reuse or turnover number of NADH for multienzyme reaction system 

involving reduction of acetophenone by ADH RS1 with simultaneous oxidation of 

glycerol by GDH is drastically reduced as seen from Figure 5-7. The interface-assembled 

cofactor exhibited similar turnover number as that of free NADH with native enzymes, 

though the free NADH exhibited higher initial reaction rate. This is primarily due to 

0

30

60

90

120

150

180

0 100 200 300 400 500

In
iti

al
 re

ac
tio

n 
ra

te
 

( µµ µµ
M

/h
r/

m
g 

A
D

H
 R

S
1)

Acetophenone (mM)



80 
 

inherent nature of reaction system that is too slow to make any difference in turnover to 

be apparent. Moreover, the substrate in the aqueous phase glycerol can also hydrolyze 

free NADH in aqueous phase reducing its overall turnover. However, with modified 

NADH at the interface, the degree of hydrolysis may be reduced that increases the life of 

interface-assembled NADH leading to similar turnover number as that free NADH. 

Though the reaction system is thermodynamically limited, more than one turnover of 

NADH at the interface successfully establishes the effectiveness of modification 

procedure that was developed to synthesize the novel interface-assembling cofactor.  

  

Figure 5-7 Cofactor turnover for the multienzyme reaction system involving 
reduction of acetophenone by ADH RS1 with simultaneous oxidation of 
glycerol by GDH  
(□) Free NADH (×) Interface-assembled NADH 
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 Another multienzyme reaction system involved the cofactor NADPH and enzyme 

ADH LB and GluDH with reduction of acetophenone to R-(+)-1-phenylethanol in 

organic phase and oxidation of glucose in aqueous phase. This multienzymatic reaction 

system though similar in the organic phase reaction, the changing of aqueous phase 

enzyme and aqueous phase reaction drastically improves the chances achieving a 

sustainable regeneration of cofactor even after modification to self-assemble at the 

interface. The enzyme GluDH exhibits high specific activities even around neutral pH 

(Figure 5-8). 

 

Figure 5-8 pH dependency of enzyme’s activity in reaction system 2 with 
NADPH/NADP+ as cofactor 
(■) ADH LB (×) GluDH 

 
 Its substrate, glucose, is strong reducing agent and does not catalyze the hydration 

of the reduced cofactor. In addition, the product, D-glucono-δ-lactone is spontaneously 
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hydrolyzed to gluconate, which makes the reaction irreversible. This reaction system 

involving NADPH as cofactor is more favorable because NADPH is less dependent on 

the buffer concentration than NADH. A pH of 7.5 was used to conduct the multienzyme 

reaction system involving ADH LB, GluDH with NADPH as cofactor. The coenzymatic 

activity of the interface-assembled NADPH was determined with the recycling reaction 

system with enzyme ADH LB and GluDH with reduction of acetophenone to R-(+)-1-

phenylethanol in organic phase and oxidation of glucose in aqueous phase (Figure 5-9). 

 

 

Figure 5-9 Initial reaction rate of reduction of acetophenone by ADH LB with 
simultaneous oxidation of glucose by GluDH  
(□) Free NADPH (×) Interface-assembled NADPH 
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The multiple turnover of the cofactor indicated an active cofactor regeneration 

cycle at the interface. Interface-assembled cofactor showed improved stability as 

compared to native cofactor exposed to the interface. The native cofactor-enzyme system 

denatured after 48 hours of operation, whereas the interface-assembled cofactor did not 

lose the activity even after 28 reactions cycle with each cycle involving more than 80 

turnovers of cofactor (Figure 5-10). This continuous operation of cofactor for more than 

2150 hours in room temperature without losing its activity that is unprecedented and 

expected to have a positive impact on use of dehydrogenase-cofactor systems for 

industrial biotransformations.  

 

Figure 5-10 Sustainable reuse of interface assembled NADPH  
 

The interface-assembled cofactor exhibited a remarkable stability with over 2150 

hours of operation and a total turnover number of 2617 (Figure 5-11). These studies 
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reveal that the novel procedure for modification and further interface-assembly of 

cofactor is sustainable and can yield high turnover numbers on selection of a proper 

coupling reaction for cofactor regeneration with multienzyme system. Furthermore, in 

control experiments, where the reactions were the interface assembled BSA was not 

attached to any cofactor, no reaction was detected. Also, no reaction was detected in the 

presence of only polymer without any cofactor. These results clearly indicate that the 

successful production of products in both the phases is due to sustainable regeneration of 

interface-assembled cofactor.  

 

 

Figure 5-11 Cofactor turnover or number of regeneration for the multienzyme reaction 
system involving reduction of acetophenone by ADH LB with 
simultaneous oxidation of glucose by GluDH  
(□) Free NADPH (■) Interface-assembled NADPH 
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5.3.4 Kinetic study of cofactor turnover at the interface 
 

The general scheme of interfacial reaction system is shown in Figure 5-12. 

 

Figure 5-12 General scheme of interfacial reaction 
 
 

 

Figure 5-13 Relations of a complete set of equilibriums that define the primary 
parameters of the catalytic turnover cycle at the interface. 

 

The binding of cofactor to the enzyme and subsequent reaction follows a series of 

equilibrium steps (Figure 5-13). The first step, that is, the binding of cofactor is an 

essential for binding of substrate to the catalytic site of the enzyme. The cofactor is also 

modified to assemble at the interface. The kinetic study is based on the factors that the 

cofactor is regenerated at the interface. Therefore, the cofactor concentration [C]  remains 

Einactive + NADHI  
 

KC E + S +P 
k1 

k-1 

E - S 

 E-P 

k2 
k-2 

k3 

k-3 



86 
 

constant, the kinetic study involves only one enzyme with only one reactant and one 

product and both of them are in the same phase, the mole fraction of enzyme and the 

cofactor is negligible compared to the mole fraction of substrate and product at the 

interface. i.e, Xs+Xp ~ 1, all the concentrations are based on bulk solution volume, all 

bulk phase entities are given with subscript b, no subscripts are given to any interfacial 

concentration.  

The Enzyme is active only when it is bound with cofactor. Then there will be a 

cofactor free enzyme at the interface, Einactive, which will be present at the concentration  

[E inactive]/[E] = K c/[C]         

Here [C]  denotes the concentration of cofactor in moles per bulk solution volume, 

[E]  denotes the cofactor bound active enzyme at the interface and Kc is the dissociation 

constant for binding of C to E. 

Now the three equilibrium steps of the turnover cycle by the enzyme bound to the 

interface are considered reversible. The evaluation of the parameters will give an insight 

about the actual reversibility of these reactions. The rate of substrate binding to the 

enzyme is directly proportional to the rate constant k1, to the concentration of substrate 

available at the interface and to the probability that the enzyme is in cofactor bound 

active state. The concentration of the substrate at the interface is designated, Xs, which is 

more convenient variable.  

At steady state, the flux across each step in the reaction is the same 
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j = k1XsPa – k-1Pbs = k2Pbs – k-2Pbp = k3Pbp – k-3Pa = kc [C]P i – k-cPa                                         5-3 

  

Where, Pi, Pa, Pbs and Pbp correspond to the probabilities that the enzyme is in 

state Einactive, E, E-S and E-P respectively. 

These probabilities sould sum to one 

 

Pa + Pi + Pbs + Pbp = 1        5-4 

 

This gives five equation and five unknowns. The probabilities estimated by these 

relations are: 
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Then the steady state flux, j, is  

][
1

C

K

K

X

K

X

X
K

k
X

K

k

j
C

MP

P

MS

S

P
MP

catP
S

MS

catS

+++

−

=

        5-13

 

It had been shown in the literature [206, 207] that the reverse reaction for the 

chemical step is immeasurably slow. i.e, k-2 ~ 0. The chemical step is usually the rate-

limiting step [208]. i.e, k2 < k3, which implies 
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Multiplying by total enzyme concentration [E] on either side  
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Evaluation of damkohler number, Da for interfacial catalysis with different 

configurations like native enzymes and free cofactor, native enzymes and interface-

assembled cofactor, interface-assembled enzyme and free cofactor provides the efficiency 

of each configuration on scale-up. To evaluate the Da the coefficient for mass transfer 

limited reaction is necessary. 

In the diffusion limited regime (Figure 5-14), the concentration of substrate, far 

from the interface is [Sb0]. The reaction is comparatively rapid and the concentration of 

the substrate at the interface can be taken as zero. i.e., [Sb]  = 0. 

 

 

 

Figure 5-14 Schematic of diffusion limited interfacial reaction 
 

The problem can be defined as, with an interface of radius R 

Z 

r 

Flux at interface = 0 [Sb]  at interface = 0 

Interface 

[Sb] = [Sb0] 
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The boundary conditions are: 

Z � ∞     [Sb]= [Sb0] 

Z = 0; 0 ≤ r ≤ R   [Sb] = 0 
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The flux at the interface is given by, 
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In the diffusion limited reaction, the zero order term in Michaelis Menten kinetics 

will not be visible and the system behaves as first order rate based on the substrate in the 

solution. 

This diffusion limited rate constant kD can be estimated by equating the observed 

reaction rate and the rate of diffusion to the interface. 
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 To evaluate the mass transfer limited reaction constant. The interfacial 

reaction system involving interface assembled ADH LB and interface-assembled GluDH 

with free NADPH for reduction of acetophenone to R-(+)-1-phenylethanol in organic 

phase and oxidation of glucose in aqueous phase was used. The whole reaction was 

carried out under mass transfer regime by using high amount of enzyme concentration, 25 

Units of each interface assembled ADH LB and interface assembled GluDH maintained 

at the interface. The change in acetophenone concentration with such high enzyme 

concentration resulted in evaluation of mass transfer limited reaction constant, Kd, as 

0.0287 hr-1 (Figure 5-15). 
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Figure 5-15 Concentration of substrate dependent reaction rate in mass transfer 
controlled regime 

 
 
 

The kinetic parameters of all the configurations of multienzyme-cofactor system, 

Native enzyme-free cofactor (Figure 5-16), Interface-assembled enzyme and free cofactor 

(Figure 5-17), Native enzyme and interface-assembled cofactor (Figure 5-18) was 

evaluated by initial velocity analysis. This involved varying the NADPH concentration at 

five fixed levels of Acetophenone. The reaction velocity was defined as the amount of 

Phenylethanol formed after one hour from the start of multienzyme reaction with cofactor 

regeneration.  The kinetic study in an interfacial system with two phases is subjected to 

influence of different parameters like pH, ionic strength, nature of head groups and nature 

of localization of enzyme [209, 210]. 
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A linear relationship is obtained between the reciprocal initial velocity and the 

reciprocal concentration of the substrate for all the configuration of the multienzyme- 

cofactor system. However, the actual concentration of substrate chosen was different for 

different configuration because the apparent michealis constant KMS is different based on 

the localization of enzymes and the cofactor. 

 

 

 

 
Figure 5-16 Double reciprocal plot of reaction system involving native ADH LB and 

native GluDH with free NADPH at four fixed levels  
(■) 0.25 mg NADPH (▲) 0.5 mg NADPH (X) 1 mg NADPH (◊) 2 mg 
NADPH. 
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Figure 5-17 Double reciprocal plot of reaction system involving interface-assembled 
ADH LB and interface-assembled GluDH with free NADPH at four fixed 
levels  
(■) 0.25 mg NADPH (▲) 0.5 mg NADPH (X) 1 mg NADPH (◊) 2 mg 
NADPH. 

 

Figure 5-18 Double reciprocal plot of reaction system involving native ADH LB and 
native GluDH with interface-assembled NADPH at four fixed levels  
(■) 0.25 mg NADPH (▲) 0.5 mg NADPH (X) 1 mg NADPH (◊) 2 mg 
NADPH. 
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The substitution of the present reaction with the general reaction rate expression 

developed results in:   

V=Vmax[Acetophenone][NADPH]/(Kc*K MS + KMS[NADPH]+ [Acetophenone][NADPH]) 

 
Table 5-1 Kinetic parameters of reaction system involving ADH LB and GluDH 

with NADPH as cofactor.  

Native enzyme 
- Free NADPH 

Interface 
assembled enzyme 

- Free NADPH 

Native enzyme - 
Interface assembled 

NADPH 

Vmax (uM hr-1) 3846.15 1538.46 142.86 

KMS(mM) 1.53 5.23 39.59 

KC (mM) 0.03 0.09 0.18 

The damkohler number, Da, gives the ratio between reaction rate to 
diffusion rate 

Da 87.49 10.24 0.13 
 

The Damkohler number clearly indicates that the intrinsic reaction rate at the 

interface is lot slower, when cofactor is modified (Table 5-1). A physical explanation for 

this phenomena is that the modified cofactor contributes significantly to the reduction in 

reaction rate than the modified enzyme, due to the small molecule (NADPH) surrounded 

by the protein (BSA) at the interface contributing to difficult enzyme-cofactor complex 

formation with modified cofactor. The explanation is also supported quantitatively by the 

value KC, which indicates the binding resistance of enzyme to cofactor at the interface. 

The higher value of KC for modified cofactor (KC = 0.18) shows a huge resistance for 
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even with native enzyme to bind with modified cofactor. This explains the no reaction, 

when both cofactor and enzyme are modified.   

 

5.4 Conclusion 
 

The present study has demonstrated a one-pot modification of cofactors for self-

assembly at liquid-liquid interfaces. The interface-assembled cofactor exhibited multiple 

turnovers at the interface and it should be noted that the interface-assembled cofactor 

showed impressive stability and did not exhibit any degradation in performance upon 

continuous operation for 2150 hours at room temperature. The importance of sustainable 

regeneration of modified cofactor was demonstrated for reactions involving products that 

are pharmaceutical intermediates. At this point, the system suffers from the limitation of 

relatively slower reaction rate with interface-assembled cofactor. The understanding of 

the fundamental barriers and interaction of enzymes and cofactor at the interface suggests 

that with appropriate synthesis of molecular connectors between cofactor and protein 

molecule at the interface, the reaction rate can be improved. 
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CHAPTER VI 
 

6. NANOSTIRRING OF MAGNETIC INTERFACIAL 
ENZYME FOR ENHANCEMENT OF INTERFACIAL 

BIOTRANSFORMATIONS 
 
 

6.1 Introduction 
 

The kinetic analysis combined with previous results has indicated that the reduced 

mobility of enzymes at the interface causes slow reactions for interfacial 

biotransformations.  To improve the mobility of the interface assembled enzyme, 

concepts from biological world were applied to interfacial enzyme catalysis. In nature, 

molecular nanomotor proteins perform physical work by actively transporting other 

molecules or proteins within cellular systems[211]. Membrane bound enzymes in natural 

systems like ATP synthase have developed a rotary nanomotor action of its subunits by 

transferring protons across the inner mitochondrial membrane[212-215]. The mechanical 

force and the mobility of the subunit rotation is used for catalysis of ADP to ATP[216]. It 

is proposed to mimic such natural systems and develop a novel mechanism of 

nanostirring in vitro to improve the enzyme’s catalytic efficiency for interfacial reactions. 

The mechanism of nanostirring is demonstrated by developing a self-assembling 

magnetic nanoparticles carrying enzymatic liquid membrane (MLM) at liquid-liquid 

interface, and employing an external alternating magnetic field to improve MLM’s 

mobility at the interface. Interfacial biotransformations involve water-soluble substances 

and organic compounds that are incompatible to each other[91, 92, 217]. Enzymes 
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assembled at an organic-aqueous interface could provide the maximum accessibility to 

chemicals dissolved in both phases across the interface.  Conjugation of enzymes with 

polymers to form amphiphilic structures for interfacial assembly of enzymes have been 

previously reported [112, 191].  The interfacial biocatalysis with interface-binding 

enzymes could significantly improve the overall catalytic efficiency of enzymes for 

biphasic reactions[165, 218]. However, enzymes have poor mobility when localized to a 

liquid-liquid interface. The low dispersion and limited 2-D mobility of enzymes at the 

interface limits the efficacy of the interface-assembled enzymes. 

It is proposed to overcome these limitations of nanoscale dispersion and mobility 

at interfaces by development of magnetic nanoparticles carrying interface assembled 

enzymes. Biological molecules such as proteins, antibodies, antigens and DNA exhibit 

comparable dimensions to nanoparticles. Integrating biomolecules and magnetic 

nanoparticles results in new entities that combine the unique electronic, magnetic, and 

structural properties of nanoparticles with the unique recognition and catalytic properties 

of biomolecules [219]. Magnetite nanoparticles are key components to the development 

of many novel bio- and nanotechnological applications[220, 221]. Research in 

biosciences and nanotechnology has aimed at using magnetic nanoparticles as 

nanomotors, nanogenerators, nanopumps, and other similar nanometer-scale 

devices[222]. Indeed, substantial progress has been accomplished in recent years in the 

use of nanoparticles, nanorods, nanofibers and carbon nanotubes attached biomolecule 

systems as functional units for nanobiotechnology like drug delivery[223, 224], targeted 

cell entry[225], biosensors[226], nanobioelectronics[227-230] and biocatalysis[132].  
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Most of the enzyme conjugated magnetic nanoparticles reported so far have been to 

facilitate easy removal of immobilized enzymes. However, few cases of using the 

magnetic character of paramagnetic nanoparticles for spatial control of biomolecule-

nanoparticles movement in tissue interstitial space have been reported[231-233]. 

Despite the growing interest in controlling the mobility of biomolecules in vitro 

using magnetic nanoparticles and magnetic field, relatively little is known about effect of 

the surface interaction, frequency of magnetic field and field strength on enzymatic 

activity. Apart from interfacial mobility, the efficiency of magnetic enzymes at liquid-

liquid interface for a biphasic reaction system also depends on surface interaction of 

enzymes with magnetic nanoparticles. Therefore, it is important to protect the enzyme 

from inactivation due to surface spreading on the surface of hydrophobic magnetic 

nanoparticles. For this reason, a comprehensive study of nanoscale dispersion of enzymes 

at interface, effect of magnetic field on enzyme mobility and correlation of actual 

interfacial enzyme mobility with observed reaction rate, along with development of a 

novel mechanism of nanostirring that mimic the natural molecular nanomotors and is 

used for enhancing the productivity of industrial interfacial biotransformations is reported 

in this study. 

 

6.2 Materials and methods 
 

6.2.1 Chemicals 
 
Glucose Dehydrogenase (GluDH) “Amano” NA ( EC 1.1.1.47, 286 IU/mg) was a 

gift from Amano Enzyme Inc. (Nagoya, Japan). Alcohol dehydrogenase (ADH LB) from 
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Lactobacillus Brevis (EC 1.1.1.2, 0.44 IU/mg), D-Glucose (CAS 50-99-7), Acetophenone 

(CAS 15753-50-1), β-nicotinamide adenine dinucleotide phosphate reduced tetrasodium 

salt (NADPH) and BSA standard were purchased from Sigma-Aldrich (St. Louis, MO). 

Chloroperoxidase (CPO) from Caldariomyces fumago (EC 1.11.1.10, 26 IU/mg, RZ-1.12) 

was provided as a gift from Bio-Research Products, Inc. (North Liberty, IA). Styrene 

(99%) and citric acid were purchased from EM Science (Gibbstown, NJ). H2O2 aqueous 

solution (30v/v) was purchased from Fisher Scientific (Fair Lawn, NJ). Carboxyl chloride 

terminated polystyrene (PS-COCI, Mw 2020) was purchased from Polymer Source, lnc. 

(Canada). Toluene was purchased from J.T. Baker (Phillipsburg, NJ). Protein assay dye 

reagents and BSA standard were purchased from Bio-Rad laboratories (Hercules, CA). 

CuSO4 (5H2O) and NaOH were purchased from VWR Sci. (PA). Ascorbic acid was 

purchased from Mallinckrodt, KY. 

6.2.2 Synthesis of magnetic nanoparticles 
 
The magnetic nanoparticles were prepared by co-precipitation of ferrous and 

ferric salts. In a typical procedure, 0.39 g of FeCl3 and 0.24 g FeCl2 were added to 30 ml 

DI water that was purged with N2 for 1h. 6 ml of 28% NH4OH was added slowly into the 

mixture at 800C in N2 atmosphere. The magnetic nanoparticles were separated from the 

solution using a permanent magnet and washed with DI water. 

6.2.3 Interface assembly of magnetic nanoparticles 
 
The magnetic nanoparticles were assembled at the interface by physical 

adsorption with polymer-modified enzyme. For the multienzymatic system, interface 

assembly was carried out in a biphasic system consisting of a buffer solution and a 
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toluene phase.  Enzyme (ADH or GluDH) was dissolved in 1ml of 0.05 M pH 7.8 

phosphate buffer. The enzyme solution was then contacted with 10 ml toluene containing 

10 mg of PS-COCl (Mw 2020). Magnetic nanoparticles were added to this mixture. The 

mixture was shaken at 240 rpm in dark for 1 h at room temperature. The reaction mixture 

was then centrifuged at 13,000 G for phase separation. The MLM was recovered by 

removing the bulk phase solutions. The product was further purified by washing with 

buffer and toluene, each for at least three times, to remove residual free enzyme, 

magnetic nanoparticles and polymer modifier. For reactions with both native and 

interface-binding multienzyme system, the each enzyme concentration was controlled at 

0.5 Units ml−1, totally 5 Units of each enzyme (ADH and GluDH) in aqueous phase. A 

similar procedure was followed for interface assembly of magnetic nanoparticles with 

CPO, except the enzyme modification was carried out with shaking for 8 h at 240 rpm.  

6.2.4 Epoxidation of styrene 
 
Reactions were carried out in a biphasic system. Batch reactions were conducted 

in a 50-ml mechanically stirred reactor, stirred at 800 rpm. Styrene (5 ml) was used as the 

organic phase, while 10 ml of pH 4.5 citrate buffer (0.05 M) with 8 mM PEG was applied 

for the aqueous phase. For reactions with both native and interface-binding CPO, the 

enzyme concentration was controlled at 0.014 mg ml−1, totally 0.14 mg of CPO,in 

aqueous phase. 33.3 mM of H2O2 was added to the reaction mixture by a syringe pump 

at the rate of 8.2×10−3 ml min−1. For native enzyme reaction system, the magnetic 

nanoparticles were added separately to the reaction mixture. Samples of 0.4 ml from the 
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reaction mixture were taken periodically and centrifuged. The organic phase from the 

centrifuged sample was analyzed using GC for the product R- & S- Styrene Oxide.  

6.2.5 Multienzyme reaction system with cofactor regeneration 
 
ADH and GluDH, both native and interface-assembled, with free NADPH were 

used for reduction of acetophenone in the organic phase with simultaneous oxidation of 

glucose in aqueous phase. Multienzymatic reactions were carried out in a 50 ml reactor 

with 10 ml of aqueous phase with 11.3 mM NADPH and 20 mM glucose. The organic 

phase contained 5 ml toluene with 84 mM acetophenone for interface assembled 

multienzymes and 17 mM for native enzymes.  Mild stirring (120 rpm) of the interface 

was applied mechanically. The reaction was followed by analyzing the product, R-(+)-1-

phenylethanol, in organic phase using GC with aliquots of 0.15 mL withdrawn 

periodically from organic phase.  

6.2.6 GC analysis 
 
Both reactions was monitored by measuring the concentration of products in 

organic phase using Gas Chromatography (GC-3100, Varian) equipped with β-DEXTM 

225 fused silica capillary column (30m×0.25mm×0.25µm), from Supelco Bellefonte PA). 

Aliquots of 150 ul of organic phase were used for GC analysis. The injection temperature 

was maintained 220 0C with detector temperature of 300 0C. For Styrene epoxide 

analysis, the temperature of the column was kept at 110 0C for 10 minutes and a ramp of 

10 0C /min till the temperature reached 220.  The GC chromatograms showed separated 

peaks for R- and S-styrene epoxides. For R-(+)-1- phenylethanol analysis, the column 

temperature was maintained at 100 0C for 5 minutes and ramped to 210 C at 10 0C /min. 
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Commercially purchased R- and S-styrene epoxide and S-(-)-1- phenylethanol standards 

were used for calibrations. 

6.2.7 External magnetic field production 
 
The alternating electromagnetic field was produced by equipment designed and 

built in collaboration with electronics shop, Department of Physics, University of 

Minnesota. The alternating magnetic system supplies the magnetic field with variable 

frequency (25, 50, 100, 200 and 500 Hz) and variable field strength to a solenoid (500 

turns with #19 wire size) inside which the reactor was placed. There was not any 

significant increase in temperature of reaction mixture due to magnetic field during the 

normal operation. 

6.2.8 Optical microscopy for enzyme mobility visualization 
 
The mobility of interface-assembled enzymes was measured with optical bright 

field microscope (Olympus X170) and analyzed with image analysis software (Image J). 

The enzymes were dyed with Oregon Green and subsequently assembled at interface 

along with magnetic nanoparticles to form dyed MLM. The dyed MLM was placed at the 

interface of a water-hexane system in a glass well of 50 mm diameter and cover slip as 

bottom. The glass well was placed above the objective and inside the solenoid that was 

connected to the alternating electromagnetic field generator. Preparations were viewed 

using a Olympus IX-70 inverted photomicroscope (Leeds Precision Instruments, Inc., 

Edina, MN 55439) equipped with brightfield, phase and fluorescence optics including a 

100 W mercury lamp epi-fluorescence illumination with standard UV (excitation filter 

330-380, barrier 420 nm), FITC (excitation filter 470-490 nm, barrier 520-580 nm) and 
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Rhodamine (excitation filter 510- 560 nm, barrier 570- 620 nm) filter sets. The samples 

were viewed using 10X, 0.30 plan fluor objectives. Digital images were collected using a 

Roper Cascade 512B camera and captured to a personal computer using Image Pro Plus 

version 6.1 software ( Media Cybernetics, Silver Springs, MD 20910) in streaming mode 

using a reduced area. 

6.2.9 Characterization of MLM 
 
Magnetization measurements were obtained at room temperature in magnetic 

fields up to 3 kOe using a vibrating sample magnetometer (Princeton Measurements 

Micro VSM) at Institute for Rock Magnetism at University of Minnesota. The MLM was 

investigated with a PHILIPS CM120 transmission electron microscopy (TEM) with an 

accelerated voltage of 80 kV. The samples for TEM measurements were prepared by 

placing 100 µl of suspension containing MLM onto a carbon stabilized copper grid (200 

mesh). 

 

6.3 Results and Discussion 
 

6.3.1 Interfacial assembly of bioactive magnetic nanoparticles 
 
Self-assembling of nanoparticles at fluid interfaces (liquid-vapor and liquid-

liquid) have enabled fabrication of many functional materials[234]. However, the 

stability of nanoparticles at the interface is greatly influenced by factors like thermal 

fluctuations and interfacial forces like surface shear[235]. It was previously shown that 

stable macromolecular assemblies can be self-assembled at liquid interfaces by 

conjugation of enzymes with polymers to form amphiphilic structures[112, 191]. The 
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with a maximum adsorption occurring at 114.97 mg-nanoparticles/m2 at the interface 

(Figure 6-2). The interface assembled MLM was repeatedly washed with buffer and 

toluene to remove excess nanoparticles, enzymes and polymer. The MLM showed a 

stable interfacial assembly (Figure 6-3) and the membrane was also catalytically active. 

The free nanoparticles in water were applied onto the TEM grid and dried before taking 

the images. The image for the MLM was taken with the dried sample of MLM extracted 

from oil-water interface onto the TEM copper grid (300 mesh formvar coated). A 

negative stain of ammonium molybdate to the sample was added to visualize the presence 

polymer and enzyme layer around the nanoparticles in a TEM (CM12, FEI, Hillsboro, 

OR). The stain cannot penetrate the thin layer of polymer and enzyme around the 

nanoparticles, which results in observance of the thin white layer around the 

nanoparticles in Figure 6-3B. However, on drying the MLM forms multiple layers on the 

grid as opposed to free nanoparticles, this causes the distortion of the size of the particles 

in MLM.  
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Figure 6-2 Amount of nanoparticles assembled at the interface 
 

 

Figure 6-3 TEM images of MLM  
(A) Free magnetic nanoparticles in aqueous solution. (B) MLM recovered 
from the interface, the thin white layer surrounding the nanoparticles are 
the polymer-enzyme conjugate at the interface. 

 
The magnetic characteristic of MLM was confirmed by performing a 

magnetization analysis with a Magnetic Property Measurement System (Quantum 

designs, MPMS2 cryogenic susceptometer) at room temperature (Figure 6-4). The MLM 

3

6

9

12

0 4 8 12 16

N
an

op
ar

tic
le

s 
at

 th
e 

in
te

rf
ac

e 
( µµ µµ

g/
cm

2 )

Initial Nanoparticles amount (mg/ml)

A B



108 
 

was deposited in a gelatin capsule and subjected to varying magnetic field strength with 

change in magnetization of MLM recorded. The MLM exhibited a combination of 

diamagnetic and superparamagnetic behavior. The presence of enzyme and polymer 

contributes to the diamagnetic behavior of negative slope at high fields on the MLM and 

magnetic nanoparticles contribute towards the superparamagnetic behavior that was 

observed as shown in Figure 6-4 near zero field. The analysis of magnetization curve of 

free nanoparticles gives a magnetic moment of 3.22X10-16 emu and an average particle 

size of 11 nm in diameter. However, the analysis of MLM magnetization yields a 

magnetic moment of 3.52X10-16 emu and magnetic particles of 6 nm. It is believed that 

this observed change in magnetic particle size is due better dispersion of magnetic 

nanoparticles at the interface covered with interface-assembled enzyme. At the interface 

the nanoparticles are uniformly covered with interface-assembled enzyme. Whereas, in 

solution, the magnetic nanoparticles can form aggregates and result higher value of 

observed magnetic particle size. This indicates a better and uniform dispersion of the 

particles at the interface, which facilitates a better dispersion of enzymes at the interface.  
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Figure 6-4 Magnetization curves 
(■) MLM (×) free magnetic nanoparticles 

 

6.3.3 Fabrication of alternating electromagnetic field generator 
 

Integrating biomolecules and magnetic nanoparticles results in new entities that 

combine the unique electronic, magnetic, and structural properties of nanoparticles with 

the unique recognition and catalytic properties of biomolecules [236]. Despite the 

growing interest in controlling the mobility of biomolecules at interface using magnetic 

nanoparticles and magnetic field, relatively little is known about effect of the surface 

interaction, frequency of magnetic field and field strength on enzymatic activity. 

Enzymes have poor mobility when localized to a liquid-liquid interface. The low 
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dispersion and limited 2-D mobility of enzymes at the interface limits the efficacy of the 

interface-assembled enzymes. Apart from interfacial mobility, the efficiency of magnetic 

enzymes at liquid-liquid interface for a biphasic reaction system also depends on surface 

interaction of enzymes with nanostructure materials[237]. Therefore, it was important to 

protect the enzyme from inactivation due to surface spreading by conjugation with 

polymers. Epoxidation of styrene by chloroperoxidase was chosen as token reaction 

system to demonstrate the novel phenomenon of nanostirring. This enzyme requires two 

substrates, a hydrophobic styrene and the hydrophilic H2O2.  

To improve the mobility of enzymes at the interface a novel mechanism of 

nanostirring was employed. An alternating electromagnetic field generator was built that 

can change the magnetic field strength (Gauss) and the frequency (Hz) for nanostirring 

the MLM at the interface (Figure 6-5). The reactions were conducted with changing the 

field strength from 2 G to 121 G and a frequency range of 25 Hz to 500 Hz. In the 

presence of external magnetic field the magnetic moments of MLM changes its alignment 

in the direction of field. The MLM experiences force in the direction corresponding to 

this change in alignment of magnetic moments, which results in novel nanostirring 

mechanism of MLM. This nanostirring of MLM causes the enzyme to behave more like 

fluid at the interface by increasing its mobility, which in turn increases its access to the 

substrate, thereby increasing the overall reaction rate. The effect of nanostirring is further 

enhanced by the unique structural characteristics of MLM. The uniform distribution of 

magnetic nanoparticles and the better dispersion of enzymes at the interface facilitates in 

a more uniform experience of magnetic force during nanostirring. 



 

Figure 6-5 Alternating magnetic field generator for nanostirring.
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times the enzymes move at the interface. Hence, the mobility of MLM is predominantly 

governed by the frequency and for all the subsequent experiments the nanostirring was 

conducted at 500 Hz and 17 Gauss. 

 

Figure 6-6 Effect on frequency and field strength of nanostirring on interface-
assembled chloroperoxidase activity.  

 
6.3.4 Visualization of mobility of MLM at interface 
 

The actual mobility of MLM was visualized using bright field microscope with 

fluorescent dye attached enzyme at the interface. To capture the mobility in the presence 

of alternating magnetic field with frequency as high as 500 Hz, a high resolution camera 

with a high frame rate 1 millisecond was used. The water – hexane system with 

fluorescent dyed MLM was placed in glass well with cover slip bottom. The MLM 

assembled at the meniscus formed between water as the bottom phase and hexane as 
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upper phase. This meniscus was observed through the fluorescence microscope (Figure 

6-7). The glass well was placed inside the solenoid that was connected to alternating 

electromagnetic field generator. The external magnetic field forced the dyed enzymes to 

move at the interface. This movement will result in observation of change in intensity of 

particular pixel at interface over time. This intensity change corresponding to the 

mobility can be visually observed in the fluorescence microscopy. The mobility of 

enzymes at the interface can be quantified by analyzing the intensity change of the 

surface plot for the corresponding image of dyed MLM at the interface. 

The dyed MLM at the interface observed in bright field microscopy was subjected 

to external magnetic field with frequency ranging from 25 to 500 Hz and the 

corresponding change in intensity over time was calculated at different points on the 

interface. The intensity change in a pixel data over 1.25 seconds for each frequency was 

corrected with that of change in intensity of 0 Hertz or in the absence of external 

magnetic field. A differential analysis of this corrected change in intensity over time gave 

the relative mobility of MLM with frequency change (Figure 6-8). The correlation clearly 

indicates the increase in reaction rate with frequency is direct effect of mobility 

improvement enzymes at the interface. The change in intensity results from the 

movement of the dyed enzyme at the interface due to nanostirring. The distance travelled 

by the enzyme at the interface is given by the parameter ∆intensity/∆t. The longer 

distance travelled by the enzyme at higher frequency is due to non-alignment of magnetic 

moment with field direction and this increased mobility improves the reaction rate with 

increase in frequency. Hence, the mobility of MLM is predominantly governed by the 
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frequency and for all the subsequent experiments the nanostirring was conducted at 500 

Hz and 17 Gauss. 

    

Figure 6-7 Visualization of mobility of MLM at interface 
(A) Interface of a meniscus between hexane and water. (B) The surface 
intensity plot of corresponding interface after background subtraction.  

 

 

Figure 6-8 Correlation of actual mobility of MLM with the improvement in reaction 
rate on increasing the frequency. 
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6.3.5 Nanostirring effect on interface-assembled enzyme’s activity 
 

It was previously shown that conjugating water-soluble enzymes with 

hydrophobic polymers facilitated the assembling of enzymes at oil/water interfaces[112].  

Though the reaction efficiency in with the interface assembled enzyme is improved to a 

certain extent, slow reaction rate due to limited mobility of enzymes at the interface still 

remains as a considerable limitation. To improve the mobility of enzymes at the interface, 

superparamagnetic nanoparticles were conjugated with interface assembled enzymes and 

novel mechanism of nanostirring was employed. Application of force by external 

alternating electromagnetic field on interface assembled superparamagnetic nanoparticles 

vehicle resulted in nanostirring of entire MLM with improved mobility of enzymes at the 

interface.  

Two distinct biphasic reaction systems that were transport limited were improved 

by nanostirring on MLM. One reaction system involved epoxidation of styrene by 

chloroperoxidase. This enzyme requires two substrates, a hydrophobic styrene and the 

hydrophilic H2O2. Another reaction system involved multiple enzymes with in situ 

cofactor regeneration. Alcohol dehydrogenase and glucose dehydrogenase were 

employed for reduction of acetophenone to S-1-phenylethanol and oxidation of glucose 

to gluconolactone in organic and aqueous phase respectively with NADPH/NADP+ used 

as cofactor in the aqueous phase. 
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Figure 6-9 Effect of nanoparticles on reaction rate  
(A) Epoxidation of styrene by chloroperoxidase (B) Reduction of 
acetophenone by Multienzymatic system. 
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The reaction was also influenced by the surface coverage of nanoparticles at the 

interface. As seen from Figure 6-9 the MLM showed optimum nanoparticles 

concentration that resulted in maximum reaction rate. It was seen that unlike CPO 

reaction system, the multienzyme reaction system was not influenced significantly with 

change in nanoparticles conc. This is due to multistep reaction at the interface, after a 

certain increase in rate by magnetic fields, the reaction is no longer dependent on 

nanoparticles concentration but is governed by intrinsic modified enzyme reaction 

parameters at the interface.  

 

Figure 6-10 Enzymatic activity as function of surface coverage by nanoparticles at the 
interface. 
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Another interesting observation was that the optimum nanoparticles concentration 

does not correspond to saturation concentration of nanoparticles at the interface. This 

phenomenon can be explained by the relative surface coverage of nanoparticles at the 

interface (Figure 6-10). At saturation nanoparticles concentration, the interface is 

predominantly occupied by the nanoparticles, which limits the interfacial area that is 

exposed to the enzyme for the reaction thus lowering the reaction rate per enzyme 

molecule. However, at the optimum nanoparticles concentration the amount of 

nanoparticles is just enough to disperse the enzymes throughout the interface and 

providing the MLM with sufficient strength for effective nanostirring.  

 

Figure 6-11 Effect of nanoparticles on interface-assembled enzyme’s activity 
(■) Multienzyme reaction system (□) CPO reaction system. 
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Although both the reaction system was catalyzed by oxidoreductases, the 

observed effect of nanoparticles conjugation and subsequent nanostirring was 

significantly different. In Figure 6-11 the activity of interface-assembled enzyme without 

nanoparticles attachment to activity of MLM. 5 Units of total enzyme concentration was 

used for both the reaction system. It was seen that there is a significant increase in 

reaction rate for both the reaction system on attachment of nanoparticles to interface-

assembled enzyme. This increase in reaction rate can be attributed to higher dispersion of 

enzymes at the interface due to presence of nanoparticles. The higher dispersion disrupts 

aggregation of enzymes at the interface and facilitates a more uniform assembly of 

enzymes throughout the interface.  

In the presence of nanostirring the reaction rate of MLM is improved by over six 

times (Figure 6-12). The nanostirring improved the interfacial enzymatic reaction rate by 

two different processes: Enhancement of interfacial enzyme mobility and disruption of 

boundary layer for reactant/product mass transfer. The enhanced mobility of enzymes at 

the interface improves higher contact of enzymes with cofactor and reactants at the 

interface, improving the overall observed reaction rate. The boundary layer at the 

interface also contributes towards the mass transfer limitation for the reactants and slows 

down the entire reaction. The novel nanostirring mechanism disrupts the boundary layer 

and overcomes the mass transfer limitation resulting in higher reaction rate. The 

combination of these factors results in the observed increase of interfacial reaction rate 

with employment of nanostirring. 
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Figure 6-12 Effect of nanoparticles on interface-assembled CPO’s activity. 
 

The phenomenon of higher dispersion on attachment of nanoparticles to interface-

assembled enzyme is further observed in Figure 6-13. The effect of dispersion of 

enzymes at the interface was evaluated by changing the total interface assembled enzyme 
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It is seen that without nanoparticles, there is an initial lag in the enzyme 

concentration - rate relationship due to not fully saturated interface at low enzyme 

concentration, though there may be aggregates at the interface. At low enzyme 

concentration with limited mobility of interface-assembled enzyme and most of the 

interface is empty resulting in lower reaction rate. As the interface-assembled enzyme 

concentration is increased, it saturates the interface, giving rise to higher slope in the 

relationship. 

 

Figure 6-13 Effect of interface-assembled enzyme concentration.  
(■) MLM in the presence of nanostirring (×) Interface-assembled enzyme 
in the absence of nanostirring. 
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govern the enzyme concentration-rate behavior with MLM on nanostirring. The 

nanoparticles attachment leads to higher dispersion of MLM at the interface resulting in 

increased rate initially but as the enzyme concentration is increased the surface occupied 

by the nanoparticles reduces the surface available for enzymes at the interface, this 

reduces the rate but at the same time the nanostirring effect offsets this short coming by 

improving the mobility of MLM at the interface. In Figure 6-13 the absence of sudden 

increase in reaction rate for any enzyme concentration with MLM is because of the above 

mentioned competing factors, the reduced actual surface area available for enzyme slows 

the rate but mobility improvement by nanostirring causes the rate to increase further. 

However, at very high enzyme concentration the effect of reduced surface area 

overcomes nanostirring and reduces the reaction rate on further increase in enzyme 

concentration.  Therefore for MLM with nanostirring at lower enzyme concentration, 

higher dispersion of enzyme and nanostirring effect dominates and at higher 

concentration the low dispersion due to reduced available interfacial surface area 

dominates. 

 

6.3.6 Effect of nanostirring on native enzyme’s activity 
 

The adsorption of magnetic nanoparticles to native enzymes exhibited a 

contrasting behavior to that of interface assembled enzyme (Figure 6-14). 5 Units of total 

enzyme concentration was used for both the reaction system. The attachment of 

nanoparticles drastically reduced the activity of native enzymes. The reduction in activity 

though observed with both reaction system, it is far more significant with multienzymes 
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reaction system than chloroperoxidase. CPO retained significant specific activity of about 

60% of native activity. However multienzyme reaction system with dehydrogenases 

exhibited only 18% activity retention on adsorption with nanoparticles.  The enzymatic 

activity depends on the retention of enzyme’s native structure on binding with another 

surface. The adsorption of enzymes on superparamagnetic nanoparticles is due to 

hydrophobic interactions. The surface spreading due to nanoscale and hydrophobic 

interactions with the nanoparticles resulted in this drop in activity of native enzymes. The 

difference of these interactions between two enzyme systems leads to the drastic disparity 

observed between the two reaction systems.  

 

Figure 6-14 Effect of nanoparticles on native enzyme’s activity.  
(■) Multienzyme reaction system (□) CPO reaction system. 
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nanoscale and hydrophobic environment of nanoparticles, which decreases the 

inactivation due to surface spreading. 

 

6.4 Conclusion 
 
In summary, it was demonstrated that interface-assembled magnetic nanoparticle bound 

enzyme can be prepared. The MLM showed stable interfacial assembly and 

magnetization curves indicated well dispersed superparamagnetic nanoparticles in MLM. 

The mechanism of nanostirring improved the mobility of enzyme at the liquid-liquid 

interface, which in turn was correlated with the observed increase in catalytic efficiency. 

Interface–assembled enzyme was effectively shielded from nanoscale hydrophobic 

interaction with nanoparticles by the presence of polymer in interface-assembled enzyme, 

thereby maintaining the enzyme’s activity. This novel enzyme carrying magnetic 

nanoparticles at oil-water interfaces and mechanism of nanostirring will open new 

avenues for drug delivery, protein circuitry and nanobioelectronics. 
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CHAPTER VII 
 

7. MULTIENZYMATIC REACTIONS AT THE INTERFACE 
WITH BOTH ENZYME AND COFACTOR ASSEMBLED 

AT THE INTERFACE 
 
 
7.1 Introduction 
 

The high cost of both enzymes and cofactors is usually a great hurdle for their 

large scale applications[238, 239]. Efficient method to retain both enzymes and cofactors 

inside the reactor is necessary for process economy. Ultrafiltration membrane bioreactor 

has been used for enzyme-cofactor catalyzed reactions in homogenous solutions[194]. A 

continuous supply of substrate can be added with the concomitant removal of products. 

Most of the macromolecular derivates have been retained with commercially available 

ultrafiltration membrane. Nanofiltration membranes have been used in the synthesis of 

xylitol and mannitol[240]. However, the flow characteristics of these membranes are very 

poor. The possibility of substrate or product retention is also a factor to be considered. 

In the interfacial enzymatic reaction systems, an ideal configuration would be to 

have both enzymes and the cofactor assembled at the interface with products taken from 

either phase. This will reduce the downstream operations to a great extent and also 

elimination of membranes, increase the process flow conditions. High yields can be 

achieved in such reaction systems with efficient regeneration and ruse of enzymes and 

cofactors inside the reactor. However, a major constraint in employing such configuration 

is interfacial binding of cofactor and the enzyme. The limited two-dimensional mobility 
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of both enzyme and cofactor possesses a major hurdle in sustainable cofactor 

regeneration.  

Another important constraint is the high sensitivity of dehydrogenases for stirring. 

Dehydrogenases are very susceptible and are easily denatured by shear caused by the 

conditions inside a process reactor. The process conditions like the interfacial area of 

contact, nature of stirring, stirring speed and reaction conditions like thermodynamics and 

kinetics should be carefully chosen to realize the difficult interaction of interface-

assembled enzyme with interface-assembled cofactor for sustainable multienzymatic 

reactions at oil-water interface. 

 

7.2 Materials and Methods 
 
7.2.1 Chemicals 
 

Glucose Dehydrogenase (GluDH) “Amano” NA ( EC 1.1.1.47, 286 IU/mg) was a 

gift from Amano Enzyme Inc. (Nagoya, Japan). Alcohol Dehydrogenase (ADH RS1) 

from Rodococcus species (EC 1.1.1.1, 444 IU/ml) was obtained from Julich Chiral 

Solutions (Julich, Germany). D-Glucose (CAS 50-99-7), Acetophenone (CAS 15753-50-

1), β-nicotinamide adenine dinucleotide phosphate reduced tetrasodium salt (NADPH) 

and Bovine Serum Albumin (BSA) standard were purchased from Sigma-Aldrich (St. 

Louis, MO). Carboxyl chloride terminated polystyrene (PS-COCl, Mw 2020) was 

purchased from Polymer Source, Inc. (Canada).  Toluene and Hexane was purchased 

from J.T.Baker (Philipsburg, NJ). Protein assay dye reagents were purchased from Bio-
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Rad laboratories (Hercules, CA). CuSO4 (5H2O) and NaOH were purchased fromVWR 

Sci. (PA). Ascorbic acidwas purchased from Mallinckrodt, KY. 

 

7.2.2 Enzyme modification for interfacial assembly 
 

Enzyme (ADH RS1 or GluDH) was dissolved in 1ml of 0.05 M pH 7.8 phosphate 

buffer. The enzyme solution was then contacted with 10 ml toluene containing 10 mg of 

PS-COCl (Mw 2020). The mixture was shaken at 240 rpm in dark for 1 h at room 

temperature. The reaction mixture was then centrifuged at 13,000 G for phase separation. 

The interface-assembled enzyme was recovered by removing the bulk phase solutions. 

The product was further purified by washing with buffer and toluene, each for at least 

three times, to remove residual free enzyme and polymer modifier. 

 

7.2.3 Cofactor modification for interfacial assembly 
 

NADH was used as the cofactor. The cofactor modification was done in same 

way as outlined in chapter 5. 

 

7.2.4 Interfacial reaction 
 

ADH RS1 and GluDH, both interface-assembled, with interface-assembled 

NADH were used for reduction of acetophenone in the organic phase with simultaneous 

oxidation of glucose in aqueous phase. Multienzymatic reactions were carried out in a 50 

ml reactor with 10 ml of aqueous phase with 1.18 mmol NADH, with varying amount of 

glucose. The organic phase contained 5 ml toluene with varying amount of acetophenone 
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for interface assembled multienzymes. The enzyme ratios were varied for optimization. 

Mild magnetic stirring (75 rpm) of the interface was applied mechanically. The reaction 

was followed by analyzing the product, S-(-)-1-phenylethanol, in organic phase using GC 

with aliquots of 0.15 mL withdrawn periodically from organic phase. 

 

7.2.5 GC analysis  
 

The reaction progress was monitored by measuring the concentration of S-(-)-1-

phenylethanol in organic phase using Gas Chromatography (GC-3100, Varian) equipped 

with β-DEXTM 225 fused silica capillary column (30m×0.25mm×0.25µm), from Supelco 

Bellefonte PA). Aliquots of 150 µl of organic phase were used for GC analysis. The 

injection temperature was maintained 220 0C with detector temperature of 300 0C, the 

column temperature was maintained at 100 0C for 5 minutes and ramped to 210 C at 10 

0C/min. Commercially purchased S-(-)-1- phenylethanol standards were used for 

calibrations. 

 

7.3 Results and Discussions 
 
7.3.1 Reaction system 
 

The multienzyme reaction system involving cofactors like that shown in Figure 

5-3, could not be employed for the configuration with both enzymes and cofactor 

assembled at the interface. The reaction system 1 shown in Figure 5-3 was 

thermodynamically limited and carrying out that reaction with both enzymes and cofactor 

assembled at the interface will be too slow for any appreciable reaction in reasonable 
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time. The reaction system 2 shown in Figure 5-3 is fast but as seen from the kinetic 

analysis the dissociation constant KC between enzyme and cofactor is very large, which 

makes the reaction slower. The enzyme ADH LB in this reaction system is very 

susceptible to the shear caused by the stirring employed to increase the reaction rate. 

Therefore, the bottlenecks of slow reaction coupled with quick denaturation of 

dehydrogenases due to stirring, possessed a challenging problem to carry out reaction 

with interface-assembled enzyme and interface-assembled cofactor. 

The major criteria for a sustainable reaction at the interface with both enzymes 

and cofactor assembled at the interface is a reaction system that is thermodynamically 

favorable with enzymes that are not very susceptible to the shear caused by stirring to 

improve the interfacial reaction rate. Therefore, a combination of reactions from Figure 

5-3 was chosen to study the interfacial interaction of interface-assembled enzyme and 

interface-assembled cofactor. The enzyme GluDH is known to be active with both 

cofactors NADH and NADPH, with a reduced activity with NADH.  This enzyme when 

combined with ADH RS1 can result in a reaction system that satisfies both the criteria for 

all interfacial reaction. The enzyme GluDH also exhibits high specific activities even 

around neutral pH (Figure 5-8), which results in easy use with ADH RS1 that loses its 

activity rapidly above neutral pH. The substrate, glucose for GluDH, is strong reducing 

agent and does not catalyze the hydration of the reduced cofactor. In addition, the 

product, D-glucono-δ-lactone is spontaneously hydrolyzed to gluconate, which makes the 

reaction irreversible. Therefore, the reaction system as shown in Figure 7-1 was used for 

interfacial reactions with both enzyme and cofactor assembled at the oil-water interface. 



 

Figure 7-1 Reaction system used with multienzymes an
interface 
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enzyme modification. It was previously observed that 3.67 mg of polymer modified is 
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d cofactor modified at the 

assembled enzyme and interface-

with many reaction systems. Based on 

hought that the polymer modifier added 

entangle at the interface and have limit enzyme’s 

mobility at the interface and prevent it from efficient interaction with interface-assembled 

phase (plateau region) of the 

isotherm may be due the entanglement of polymer head groups in interface-assembled 

enzyme. To verify this hypothesis, the polymer modifier concentration was varied during 

enzyme modification. It was previously observed that 3.67 mg of polymer modified is 

g of ADH modified. Based on this observation, the polymer 
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concentration was varied below and above this critical value for the given amount of 

ADH in aqueous solution during modification. 

 

Figure 7-2 Effect of polymer added during enzyme modification on reaction 
rate with both enzymes and cofactor assembled at the interface 

 
As seen from Figure 7-2, it was seen that the reaction rate increased with increase 

in polymer concentration but above the concentration of 0.5 mg/ml polymer, the reaction 

rate does not increase much. It was suspected that the presence of too much polymer may 

lead to entanglement of modified enzymes at the interface and affect the rate. However, 

the results indicate that initially the rate increases with increase in polymer concentration, 

it was previously found that 3.67 mg polymer is required for enzyme's modification, and 

above this polymer concentration the reaction rate is hardly affected by further increase 

of polymer. This indicates that the higher amount of polymer modifier is not critical for 

the reaction. 
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7.3.3 Effect of substrate concentrations
 

The concentration dependence of initial reaction rate showed a typical Michaelis

Menten pattern. The acetophenone concentration was varied with a fixed glucose 

concentration of 20 mM (

the reaction rate is directly proportional to the substrate concentration behaving like a 

first order reaction. At high

zero order reaction. 

Figure 7-3 Effect of Acetophenone concentration on reaction rate with both enzymes 
and cofactor assembled at the interface.
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The concentration dependence of initial reaction rate showed a typical Michaelis-

The acetophenone concentration was varied with a fixed glucose 

At lower concentration of substrate acetophenone, 

the reaction rate is directly proportional to the substrate concentration behaving like a 

centration of the substrates the reaction behaves like 

 

Effect of Acetophenone concentration on reaction rate with both enzymes 

An interesting observation was increase in NADH turnover with substrate 

concentration and becoming steady after a particular concentration of substrate. This 

observation can be explained by the total time for which the enzyme is active at the 
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interface. The operational time of the polymer conjugated enzyme at the interface is 

determined by several factors like, stirring speed, nature of stirring, interfacial interaction 

between enzyme, cofactor and substrate. A combination of all these factors determines 

the operational stability of the interface-assembled enzyme. In this particular 

configuration of both enzymes and cofactor assembled at the interface, it was noticed that 

the operational stability of interface-assembled enzyme was 44 hours. Therefore, at 

higher substrate concentration with the reaction rate remaining constant and also the 

operational not changing much, the NADH turnover remains constant. A similar trend 

was observed on changing glucose concentration at fixed acetophenone concentration of 

84 mM (Figure 7-4)  

 
 
 
Figure 7-4 Effect of Glucose concentration on reaction rate with both enzymes and 

cofactor assembled at the interface. 
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7.3.4 Effect of enzyme ratio 
 

The effect of enzyme ratio was studied with total protein content at the interface 

maintained constant at 183.2 µg protein. The ratio was defined in terms of protein of 

ADH RS1 to protein of GluDH. The ratio was varied from 0.1 to 10. The reaction rate 

shows an interesting behavior with change in enzyme ratio. The results indicate an 

inverted bell curve with the minimum near the ratio of 1. Above an enzyme ratio of 1 the 

rate increases with more amount of ADH (Figure 7-5). At higher ratio the increase is not 

as steep as at lower ratio above 1. The curve will be reversed on defining the enzyme 

ratio in terms of GluDH protein to ADH RS1 protein.   

 
 
Figure 7-5 Effect of enzyme ratio on reaction rate with modified enzymes and 

modified cofactor 
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The curve indicates three distinct regions as the enzyme ratio is changed at the 

interface. Below a ratio of 1, ADH RS1 is present in very little amount with high amount 

of GluDH, this makes the reaction directly proportional to the amount of GluDH present. 

At a lower ratio the amount of GluDH is greatest hence the reaction rate is high but as the 

ratio increases below 1, the amount of GluDH decreases that makes the rate to decrease. 

At enzymes ratios higher than 1, initially the rate is directly proportional to ADH and 

increases with the enzyme ratio till the amount of GluDH required for efficient 

regeneration is high enough to maintain this increase in reaction rate. At higher ratios of 

above 3, the amount of GluDH is very low to have a fast regeneration, which makes a 

slower increase in reaction rate. 

 
7.4 Conclusion 
 

A main prerequisite for the development of interfacial biocatalysis with 

multienzyme systems is that it can be carried out efficiently and economically. 

Realization of reaction with enzymes and cofactor assembled at the interface is a critical 

step towards that goal. This work has demonstrated that an interfacial reaction with 

interface-assembled enzyme and interface-assembled cofactor can be possible. The 

reaction system exhibited multiple turnovers of interface assembled cofactor at the, which 

indicates an interfacial interaction between polymer conjugated enzyme and 

macromolecular derivative of cofactor. However, further systematic analysis of 

interfacial interaction between enzyme and cofactor is necessary for improving the 

efficiency of interfacial biocatalysis.  
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CHAPTER VIII 
 
 

8. ENZYME-POLYMER COMPOSITE NANOFIBERS WITH 
HIGH ENZYME LOADINGS FOR USE AS BIOSENSORS 

 

8.1 Introduction 
 

The hydrophobic manipulation of microenvironment of enzyme can be further 

extended to obtain organic soluble enzyme that can be used in development of many 

functional materials. Nanostructures are ideal for functional materials whenever high 

specific surface area is desired. Electrospun nanofibers, a unique class of one-

dimensional nanomaterials that are suited for low-cost large-scale production, have 

attracted extensive research interests and have been functionalized for applications 

including electronics[241],  tissue engineering[242], reinforced composites[243] and 

filtration [244].  Among other forms of bioactive nanomaterials[15, 132, 245], enzyme-

carrying nanofibers are particularly promising for biosensors[246] and biocatalysts[132, 

137, 138] due to their excellent performance and great flexibility in both preparation and 

application [138, 247, 248]. Electrospinning is a widely adapted method for preparation 

of polymeric nanofibers [133, 134]. Electrospun nanofibers functionalized with enzymes 

for use as highly active biocatalysts have been demonstrated recently[132, 138].  

Most of the enzyme-carrying nanofibers reported so far have been prepared 

through surface attachment of enzymes onto nanofibers, and in most cases only partial 

surface coverage have been achieved.  Factors such as the availability of functional 

groups and the compatibility between the enzyme and the polymeric nanofibers may 
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determine the overall loading and distribution of the enzymes on the nanofibers.  One 

alternative way is to entrap enzymes within the nanofibers.   That can be achieved 

through spinning a solution that contains both the enzyme and polymer.  A good 

compatibility between the enzyme and polymer is needed, and water-soluble polymers 

have been successfully spun in the presence of native enzymes [136, 137, 245].  It was 

also demonstrated that enzymes with enhanced hydrophobicity can also be co-spun with 

hydrophobic polymers [138], although only moderate enzyme loadings were achieved.  

Compare to surface attachment, entrapment should lead to higher loadings and uniform 

distribution of enzymes, thus generating high performance bioactive materials.  The 

current study examines the upper limits in preparing hydrophobic nanofibers with 

enzymes embodied.   Specifically the preparation and performance of glucose oxidase 

(GOx)-polyurethane composite nanofibers were examined. GOx was solubilized in 

organic solvents via ion-pairing with a surfactant and was then co-spun with 

polyurethane.  

Enzyme entrapment with traditional methods usually generate materials with the 

majority of the enzyme not available for reactions[15, 249], while nanofibers have the 

potential to expose a great portion of the entrapped enzyme to reaction media and thus 

leading to high active materials. Such high active nanofibers were examined for 

biosensor applications in this study. Enzyme-based biosensors have been applied for 

detection of a wide range for chemicals ranging from toxic agents, environmental 

pollutants to biochemicals including blood sugars[250, 251].  The catalytic efficiency of 

the enzymes is critical in determining the performance of a sensor in terms of sensitivity, 
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selectivity, response time, reproducibility and lifetime.  Nanofibrous enzymes appear to 

be greatly appealing for development of high performance biosensors.  

 

8.2 Materials and materials 
 
8.2.1 Chemicals 
 

Glucose oxidase (GOx) from aspergillus niger, polyurethane (PU), didodecyl 

diammoniumbromide (DDAB), Docusate sodium salt (AOT), Cetyltrimethylammonium 

bromide (CTAB), pyridine, N,N-dimethylformamide (DMF), dimethyl sulfoxide 

(DMSO), methylene chloride (dichloromethane) were purchased from Sigma Chemical 

Co. (St. Louis, MO). Sucrose monododecanoate was a generous gift from Mitsubishi 

Chemical performance polymers, inc. (Greer, SC). HPLC grade toluene was purchased 

from J. T. Baker (Phillipsburg, NJ). Lithium chloride (LiCl) was purchased from Aldrich 

(Milwaukee, WI). Stainless mesh (type 304 woven wire cloths, 24×24, 0.014 in. wire 

diameter) was obtained from McMaster-Carr Supply Company (Aurora, OH).   

8.2.2  Solubilization of Glucose Oxidase in organic solvent 
 

Unless specified, the extraction of GOx was performed with the following typical 

procedure:  An aqueous phase consisted of 10 ml of 0.7 mg/mL glucose oxidase and 20 

mM Acetate buffer of pH 5.5 was prepared. The solution was then contacted under 

stirring at 300 rpm and 25 °C for 2 min with 10 ml of toluene that contained 2 mM 

DDAB. Phase separation was achieved by centrifugation. The organic soluble enzyme 

was then dried by bubbling N2 through the solution to give an enzyme-surfactant ion-

paired complex that can be dissolved in different organic solvents. The concentration of 
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GOx in the organic phase was determined spectrophotometrically at 450 nm by 

monitoring the yellow color of FAD that is attached to the enzyme. The higher pH values 

that are outside the buffering range of this buffer was attained by preparing an acetate 

solution with acidic and basic components corresponding to the pH. A common 

hydrophobic solvent, toluene, which has a polarity index of 2.4 was selected as the 

solvent. 

8.2.3 Electrospinning  
 
 A polymer-enzyme mixture solution was prepared at room temperature by 

dissolving polyurethane (PU) in a mixture of tetrahydrofuran (THF) containing 0.2 wt % 

LiCl and toluene (3:1 v/v) containing ion-paired DDAB-GOx complex. The polymer-

enzyme solution was electrospun as described in a previous work[132], with electric field 

strength of 1 kV/cm. A Teflon capillary tube with an orifice diameter of 0.5 mm was used 

as the jet. An electrospinning speed of 2 µl/min was found to give good fibers without 

much chocking of the jet. Fibers were collected on carbon paper that was used as an 

electrode in biofuel cell. The weight of carbon paper was measured before and after the 

collection to monitor the net weight of accumulated fibers with enzymes. The amount of 

GOx in the fiber corresponds to the ratio of polymer to enzyme in the solution.  

8.2.4 Enzyme Activity 
 
 The activity of GOx in nanofibers was measured using glucose as substrate in pH 

5.1, 100 mM acetate buffer. The reaction with nanofibrous GOx was conducted in 50-mL 

vials. Nanofibers with known weight were added to 30 mL of 1M glucose solution 

containing 0.2 mg horseradish peroxidase and 2 mg O-dianisidine. The time course of the 
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reaction catalyzed by the nanofibrous GOx was obtained spectrophotometrically by 

measuring the absorbance of 1 ml of aliquots from the reaction mixture taken at constant 

time interval. 

8.2.5 Enzyme Stability in Organic Solvent 
 

GOx solubilized in toluene was dried by passing N2 to remove toluene and re-

dissolved into different solvents like THF, Pyridine, DMF and Dioxane. The solvents 

were chosen such that both PU and DDAB are soluble in it. The re-dissolved GOx in 

solvents was incubated at room temperature (22 °C) for 24 hours. The incubation was 

stopped by purging N2 to remove the solvent. The activity was then measured using 

glucose as substrate in aqueous buffer, according to the procedure described above. 

8.2.6 Electrochemical experiments 
 
 A three-electrode electrochemical cell was used to evaluate the potential use of 

enzyme carrying nanofibers as biosensors. The cell consisted of an (Model CH111, CH 

Instruments, Austin, TX), a platinum-wire counter electrode, and a modified working 

electrode made with fiber-coated over a carbon paper. The cyclic voltammetry of the 

sensor was performed in a phosphate buffer solution (pH 7.0, 0.5M). The sensitivity of 

the biosensor was monitored at the potential of +0.69 V versus Ag/AgCl reference 

electrode. The cell was operated at room temperature, in an O2 purged unstirred solution 

and it was calibrated with different concentration of glucose. The glucose solution of 

unknown concentration was then analyzed at this voltage. After applying the desired 

working potential, enough time was allowed for the cell to contact with oxygen.  

 



141 
 

8.3 Results and Discussions  
 
8.3.1 Solubilization of GOx in organic solvent  
 
 Enzyme-polymer composite materials are generally difficult to prepare when 

hydrophobic polymers are used.   To achieve that, hydrophobic modification of the 

enzymes is needed[83]. Several physical and chemical modifications have been found 

efficient to achieve molecular solubilization of proteins in hydrophobic solvents.  It has 

been demonstrated that enzymes can be solubilized into organic solvents via chemical 

modification with hydrophobic moieties [252, 253], physical complexation with 

chemicals such as polymers [254]and lipids[255]or ion-pairing with surfactants [85, 256].  

Conjugation of enzymes with polymers to form amphiphilic structures for interfacial 

assembly of enzymes have also been reported [112, 191].   Among others, ion-pairing is 

regarded as an effective process that involves simple operations and the use of cheap 

agents, surfactants.  The solubilization of GOx in organic solvents by covalent attachment 

with alkyl chains[257] or by reverse micelle[258] has been reported previously. GOx is a 

dimeric glycoprotein of molecular weight 150–160 kDa containing up to 16% of 

mannose-type carbohydrate and one flavin adenine dinucleotide (FAD) group per 

monomer as the cofactor[259].   

In the present study, GOx was solubilized into toluene via ion-pairing with a 

cationic surfactant DDAB. The formation of ion pairs requires oppositely charged 

enzyme and surfactant. The pI of GOx is 4.2 and the optimum pH for native GOx’s 

activity is pH 5.5. That led us to select the cationic surfactant DDAB.  The concentration 

of DDAB was maintained lower than its CMC value (15 mM) to avoid micelle formation 
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[260]. Maximum solubilization of GOx was observed with 2 mM DDAB.  The pH 

appeared to be critical in determining the solubilization yield of the enzyme. As shown in 

Figure 8-1, the highest solubilization yield was observed at pH 5.5.  According to the 

consideration of electrostatic interactions, higher pH values which promise stronger 

binding forces between the enzyme and surfactant should lead to better solubilization.  

However, the increased attraction may also lead to change in the structure of the enzyme 

and cause denaturation and precipitation, thereby decreasing the solubilization yield of 

GOx extracted[261].  Similar pH dependency has been reported previously for 

horseradish peroxidase[256] and α-chymotrpsin[85]. 

 

Figure 8-1 Effect of aqueous phase pH on extraction efficiency of GOx.  
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The effect of solvent on solubilization of GOx was evaluated by changing the 

solvent based on their log P value. The hydrophobicity of DDAB in GOx-DDAB ion pair 

makes it easily extractable into a solvent with a weaker solvent-solvent interaction than 

water. The free energy change for the extraction process will favor a solvent with least 

polarity. Among the solvents benzene, dichloromethane, chloroform and toluene in which 

DDAB is soluble, toluene with a polarity index of 2.3 is least polar. This makes toluene 

effective solvent for extraction. Lower concentration of DDAB is not sufficient to extract 

GOx from aqueous phase. A higher concentration leads to reverse micelle formation, 

which has to be avoided to form a uniform phase during electrospinning. The CMC of 

DDAB in water is 15 mM (Mehta et. al.) Therefore, the effect of DDAB concentration 

was studied under the CMC value. An optimum concentration of 2 mM DDAB was 

selected. 

In other trials, different surfactants like AOT, CTAB and Sugar monododecanoate 

were tested. AOT being anionic surfactant did not extract any GOx above pH 4.2 and 

below that pH; the conditions are too acidic for the enzyme. CTAB though cationic, did 

not have groups that have enough hydrophobicity to extract enzyme in organic phase. 

Sugar monododecanoate being non-ionic and soluble in aqueous phase, did not result in 

any extraction of GOx in the organic phase.   

 
 
8.3.2 Electrospinning of solubilized GOx 
 

The solubilized GOx was electrospun with PU for NEM fabrication. The process 

of electrospining a mixture of polymer-enzyme solution is influenced by various factors. 
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The presence of compounds with high degree of difference in physical and 

electrochemical properties in polymer-enzyme solution requires a careful selection of 

electrospining conditions that results in high loading of enzyme on PU nanofibers without 

compromising the integrity of the spun nanofiber. To start with, the solvent system for 

electrospinning should satisfy the primary criteria of dissolving PU while maintaining 

solubilized GOx stability and activity. Figure 8-2 summarizes the effect of potential 

solvents on solubilized GOx stability. The solubilized enzyme was incubated with a 

solvent for 24 hours in room temperature. The activity of solubilized enzyme decreases as 

the solvent polarity increases. The solvents with high polarity compete for the intrinsic 

water of hydration of enzyme, thereby, denaturing the enzyme. Toluene with relatively 

lower polarity index resulted in activity closer to that of enzyme that has not been 

incubated with any solvent. 

 

Figure 8-2 Effect of solvent on organic-soluble GOx stability 
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However, PU is not soluble in toluene. Therefore, for electrospinning solution 

toluene was used as a co solvent along with THF that dissolve PU. The selection toluene-

THF solvent system for electrospinning also helps in maintaining the integrity of NEM 

(Figure 8-3). Addition of salt (LiCl) eliminated the problem of particle formation in NEM 

by increasing the charge in the solution and making it more homogenous. However, a 

higher concentration of LiCl (2 wt %) resulted in very thick fibers. Therefore, the 

polymer-enzyme solution was made with THF and toluene to increase the activity of 

GOx and salt was added in low concentration (0.2 wt %) to reduce the precipitation of 

enzyme during electrospining. Other conditions like speed of electrospining, electric field 

strength and humidity also affected the fiber. 

  

Figure 8-3 Effect of different parameters on nanofiber quality.  
(A) Nanofibers without beads. Conditions: 0.2% Salt, 1THF:3Toluene and 
5% GOx. (B) Uniform nanofibers without beads. Conditions: 0.2% Salt, 
3THF:1Toluene and 5% GOx. (C) Nanofibers with beads. Conditions: 0% 
Salt, 3THF:1Toluene and 5% GOx. (D) Predominantly beads. Conditions: 
0% Salt, 1THF:3Toluene and 5% GOx. 
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 NEM was fabricated with a maximum enzyme loading of 30 % (w/w) GOx in 

nanofiber. Above 30 % (w/w), GOx precipitated in the polymer enzyme solution, 

electrospinning such solution will lead to particle formation in NEM due to denatured 

enzymes. Therefore, the maximum achievable enzyme loading in NEM is determined by 

the phase behavior of polymer enzyme solution. In a previous work[132], a theoretical 

loading maximum of 11 % monolayer coverage was reported with chemical attachment 

of enzyme and polymer fiber. The higher enzyme loading reported here had been possible 

by utilizing the inner volume of nanofiber mat through encapsulation of enzymes in 

nanofibers and electrostatic interaction between the charged enzyme and PU fiber at 

molecular level, which is a unique characteristic of direct electrospining of polymer-

enzyme solution. The nanofibers were collected on carbon paper for use in 

electrochemical cell and on steel mesh for evaluating the aqueous activity of NEM 

(Figure 8-4). The effective encapsulation of enzymes inside NEM was assessed by 

incubating NEM in buffer at room temperature under stirring. At regular intervals, the 

sample from incubation mixture was centrifuged and the supernatant was analyzed for 

GOx. The supernatant did not exhibit any appreciable GOx activity, indicating efficient 

entrapment of GOx by the nanofibers. 
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Figure 8-4 Nanofibrous enzyme material (NEM) 
 

8.3.3 Use of NEM as biosensor 
 

Apart from high enzyme loading and homogenous material distribution of NEM 

with effective encapsulation, the activity of enzymes in NEM is important for sensitive 

biosensor development. The specific activity of NEM was studied with respect to the 

enzyme loading and weight of the nanofiber sheet. The weight was increased by 

increasing the collection time of the nanofibers, which in turn increases the thickness of 

collected nanofiber sheet. Thicker NEM leads to more mass transfer limitations for 

reactants and products. The activity assays of NEM gave the effect of extreme 

electrospinning conditions on specific activity of GOx. The perspective of mass transfer 

limitations on catalytic efficiency of NEM will provide an insight on corresponding 

biosensor performance. The highest observed activity of NEM was 0.15 U/mg Table 8-1. 

The weight of NEM had a significant influence on the initial activity of nanofibrous 

enzyme. From Figure 8-1, the reduction in activity for 5 % and 20 % enzyme loading 
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were similar based on weight of the collected nanofibers. This indicates that the activity 

reduction is due to mass transfer limitation with more fibers.  

 

Table 8-1 Effect of enzyme loading and weight (based on electrospinning time) of 
nanofibrous enzyme activity   

Enzyme 
loading 

Weight of 
NEM 

Activity of GOx in 
NEM based on amount 

of enzyme 

Activity of GOx in NEM 
based on weight of 

nanofibers 
(wt % of 

PU) 
(mg) (µmole glucose min-1 

mg GOx-1) 
(µmole glucose min-1 mg 

NEM-1) 
5 0.12 0.154 0.008 
5 0.3 0.097 0.005 
5 0.54 0.052 0.003 
20 0.12 0.146 0.029 
20 0.3 0.08 0.016 
20 0.54 0.01 0.002 
30 0.12 0.011 0.003 
30 0.3 0.006 0.002 
30 0.54 0.002 0.001 
    
 

The specific activity did not change appreciably for change in enzyme loading 

from 5% to 20 % (Figure 8-5). This suggests that filling inner volume of nanofibers with 

GOx does not affect the intrinsic activity of nanofibrous enzymes. However, as the 

enzyme loading is increased to 30 %, the activity dropped sharply. The nanofiber with 30 

% enzyme contains more enzymes that are not active. At such a high enzyme amount in 

electrospinning solution, the GOx is easily denatured by THF. The denatured enzyme 

fastens the denaturation of other active enzyme by forming aggregation; this causes 

precipitation of enzyme in the polymer enzyme solution during electrospinning. The 
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maximum amount of enzyme loading achievable is determined by the phase behavior of 

polymer-enzyme solution.   

 

Figure 8-5 Specific activity of different forms of GOx 
 

Traditional biosensors have involved immobilization of GOx over metallic or 

carbon transducers to monitor the current associated with the release of H2O2[262]. In the 

present study, the nanofibers were spun onto carbon electrode that was used to evaluate 

the electrochemical properties of the NEM. The surfactant-stabilized enzyme is water 

insoluble. It solves the problem of enzyme leaching during the biosensor application in 

aqueous environment. The particular property of water insoluble nature of solubilized 

enzymes will enable to get rid of multiple membranes that are used to protect the enzyme 

leaching in traditional biosensors. The combined effect of high enzyme loading and 

single membrane biosensor will lead to development of very sensitive biosensors. Apart 
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from the enzyme activity and loading, the electrochemical properties influence the NEM 

application as biosensor [263]. Therefore, the electrochemical signal transduction ability 

of the NEM was studied by employing cyclic voltammetry and sensitivity was evaluated 

amperometrically at a potential of 0.69 V.  

 

 
 
Figure 8-6 Current response of the NEM electrode  

containing different percentage of enzyme loading for 0.12 mg NEM. (●) 
NEM containing 5% (w/w PU) enzyme (■) NEM containing 20% (w/w 
PU) enzyme (▲)NEM containing 30% (w/w PU) enzyme. 

 
 

Figure 8-6 shows the current response of NEM electrode. The current was 
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This electrons released from this reaction is detected amperometrically. As expected the 

current increases with increase in enzyme loading until 20%. However, at 30% enzyme 

loading the decrease in current is due to the bulk of denatured enzyme that is present in 

NEM. This is result is analogues to activity assay of NEM. At very high enzyme loading, 

precipitation of enzyme occurs in the electrospinning solution, which causes inactive 

enzymes in NEM.  

The NEM showed very high sensitivity (Table 8-2), almost 100 times more based 

on enzyme weight and almost 10 times higher based on the surface area of the biosensor   

than reported previously[15, 264]. A sensitivity of 0.39 AM-1cm-2 and 66.6 AM-1mg 

GOx-1 was achieved in the linear range of operation. In general, the sensitivity for 

biosensors employing either nanostructured materials[15]or membranes[264] have been 

reported only to be in the range of 10-5 to 10-2 AM -1cm-2 based on biosensor weight and 

from 0.03 to 0.5 AM-1mg GOx-1 based on amount of enzyme. This high sensitivity was 

observed in the linear range till 40 µM glucose with the lower detection limit of 5 µM. 

These values are similar to the glucose level that is available for non-invasive 

transdermal blood glucose level measurements.  

Table 8-2 Performance of NEM with 20 % (w/w) enzyme as glucose biosensor. 

Enzyme 
loading 

Weight of 
NEM 

Detection 
limit 

Dynamic 
range 

Biosensor 
sensitivity 

Biosensor 
sensitivity 

(wt % of 
PU) (mg) (mM) (mM) (AM-1cm-2) 

(AM -1mg GOx-
1) 

            
20 0.12 0.005 0.04 0.39 66.6 
20 0.3 0.005 0.06 0.26 14.3 
20 0.54 0.005 0.1 0.04 2.3 
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Figure 8-7 Effect of storage at 40C on sensitivity of NEM 
 

The sensitivity of biosensor achieved in this study is higher than that reported in 

literature for glucose biosensor employing different nanostructured materials [15, 245, 

264]. The sensitivity is not appreciable with low enzyme loading. The electron transfer 

from the enzyme to the electrode is reduced by the polyurethane fiber at lower enzyme 

loading. However, at higher enzyme loading the enzyme is present all over the fiber, 

which reduces the problems associated with electron transfer. An important feature of the 

NEM is its reusability. The sensitivity was retained even after six continuous cycles. The 

storage stability of the biosensor was assayed by storing the biosensor at 40C (Figure 

8-7). The biosensor retained 80% of sensitivity even after 70 days. 
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8.4 Conclusion 
 
 In this section, enzyme carrying nanofibers were fabricated for the development 

of biosensors. A comprehensive optimized procedure for maximum solubilization of 

GOx in organic solvent coupled with direct electrospinning resulted in very high loading 

of GOx in NEM. The aqueous insoluble nature of enzyme prevented it from leaching into 

aqueous solution during catalytic applications. The high enzyme loading and low mass 

transfer limitations of NEM, with effective entrapment of GOx resulted in high 

biocatalytic efficiency. The versatility of this technique is great leap forward in the 

development of highly sensitive, stable and reproducible biosensors.  
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CHAPTER IX 

9. CONCLUSIONS AND PATH AHEAD 
 
 
9.1 Summary 
 

The research focused on manipulation of micro-environment of enzymes for 

development of novel interfacial biocatalysis and sensitive biosensors. Based on concepts 

from membrane bound cellular systems a unique interfacial enzymatic catalysis was 

developed for industrial biotransformations. The stability and catalytic efficiency of the 

interface-assembled enzymes were investigated and enhanced by employing tools from 

different fields like reaction engineering, nanotechnology, chemistry, electrical and 

interfacial science. In another effort, a novel highly sensitive biosensor was developed by 

utilizing the unique opportunities available from interaction between diverse fields like 

enzyme technology and nanotechnology. 

The interfacial enzyme catalysis achieved by conjugation of polymers to enzymes 

enabled simultaneous access of enzymes to reactants dissolved in both the phases. The 

factors like the surface packing, assembly morphology, and interfacial mobility of the 

interface-assembled enzyme, mass transfer of substrates and products to the interface and 

interfacial interaction of these molecules that influence efficient interfacial enzyme 

catalysis were investigated. The specific conclusions are:  

 

(I)  This project is the first in-depth analysis on enzyme assembling and motion 

behaviors at organic - aqueous interface. A surface pressure analysis was carried out in a 
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Langmuir film balance to characterize the surface assembly morphology of the interface-

assembled enzyme and the results were interpreted in terms of phase behavior, 

aggregation and intramolecular rearrangement of the interface-assembled enzymes. The 

response of the interfacial enzyme layer to the change in their molecular areas by 

compression and expansion is an important characterization tool in assessing the phase 

behavior of the enzyme monolayer. The Langmuir film balance study with the repeatable 

surface pressure isotherm clearly indicated a monolayer assembly at the interface with 

little or no aggregation formation of interface-assembled enzymes and exhibited phase 

transition behavior with a plateau region in the isotherm. However, it is difficult to 

suggest the exact molecular structural reasons for the observation of plateau region due to 

the large size of polymer-enzyme conjugate molecule for this transition.  One possibility 

is that the modified enzyme may be lying about its axis at the interface but on further 

compression the polymer is pushed out of the interface forcing the modified enzyme to 

take a more upright configuration at the interface. Fluorescence recovery after 

photobleaching technique was used to evaluate the interfacial two-dimensional mobility 

of interface-assembled enzyme. The mobility evaluated in terms of diffusion coefficient, 

6.7×10-10 cm2/sec, is comparable to membrane binding proteins in natural systems but 

was found to be three orders of magnitude less than that of native enzyme in bulk 

solutions due to interfacial constraints of two dimensional diffusion and surface packing 

of the modified enzyme at the interface. 
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(II)  It was found that the conjugation of hydrophobic polymers protected the enzymes 

from interfacial denaturation while assembled at the interface. The polymer stabilized the 

three dimensional structure of the enzyme by shielding the hydrophobic portions of the 

enzymes from the interface. This was particularly evident with chloroperoxidase that was 

used for epoxidation of styrene, the operational stability of CPO improved by 2 folds, 

when assembled at the interface. The interfacial assembly of enzymes like 

chloroperoxidase at the interface also offered a unique opportunity to enhance the 

stability of the enzyme against the deactivation effect of its reactants like hydrogen 

peroxide (H2O2) in bulk phase. Presence of excess H2O2 irreversibly oxidizes the active 

site of CPO, porphyrin ring, to a superoxide form rendering it unusable for subsequent 

reaction. Therefore, denaturation by H2O2 was prevented by low level of H2O2 exposure 

to the enzyme at the interface. The stability of an interface-binding CPO against the 

deactivation effect of H2O2 was further enhanced by two different approaches.  

In one approach, several chemical stabilizers including polymers, sugars and 

surfactants were used to either protect the enzyme by forming a solvent layer around it or 

by interacting with the oxidative intermediates and preventing it from oxidizing the 

porphyrin ring. Polyethylene glycol proved to be a good stabilizer for both operational 

and storage stability of interface-assembled CPO. PEG improved the operational stability 

of interface-assembled CPO by almost 2 folds and retained 60% of the activity even after 

incubation with 1 mM H2O2 for 24 hours. This is considered to be a consequence of the 

modified distribution of H2O2 in the reaction system. PEG can form hydrogen bonds and 

forms a solvent layer at the enzyme surface exposed to the aqueous phase and may also 
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reduce the interfacial tension, which stabilized the interface-assembled CPO from both 

interfacial and H2O2 denaturation. In the second approach for stabilizing the interface-

assembled CPO, in situ generation of hydrogen peroxide (H2O2) from glucose and 

oxygen by using glucose oxidase (GOx) was employed. This maintained the local 

concentration of H2O2 low at the CPO surface and extended operational stability by 2 

folds for interface-assembled CPO.  The stabilizing effect of in situ generation H2O2 is 

due to stabilization by glucose and lowered concentration of H2O2.  

 

(III)  It was discovered that balanced hydrophobic-hydrophilic structural manipulation 

of cofactors with proteins and polymers resulted in a novel interface assembled cofactor. 

To achieve cell like complexities with interfacial enzyme catalysis, multienzyme-cofactor 

systems were investigated as a starting point.  In an interfacial enzymatic reaction system 

involving multienzymes and cofactors, localization of the cofactor at the interface, apart 

from improving the process economy, will lead to easy scale-up off the reaction system 

with minimum downstream operations. Therefore, interface-assembled nicotinamide 

cofactors like NAD(P)H were synthesized by derivatizing cofactors with 

macromolecules. N6 and C8 positions on the adenine ring for NAD(P)H are among the 

few functional groups available for structural manipulation for cofactor modification.  

The carbon atom at C8 position of the adenine ring has the highest electron density that 

makes it the ideal position for electrophilic substitution but N6 modified NAD(P)H 

derivates interact better with dehydrogenases because of more favorable access to the 

adenine binding site in the enzyme is maintained. Therefore, N6 position was used for 
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modification to yield macromolecular derivatives of cofactor that self-assembled at oil-

water interface. A stable and active interface-assembled cofactor was synthesized by 

functionalizing the N6 position by 1-(3-Dimethyl-aminopropyl)-3-ethylcarbodiimide 

hydrochloride and subsequent stabilization by N-hydroxysuccinimide of the amine 

reactive O-acylisourea intermediate. The combined effect of stabilization of intermediate 

and ease of purification by interface assembly resulted in a high yield of 67%, higher than 

most of the studies for synthesis of macromolecular derivates of cofactor. Both NADH 

and NADPH were modified for interfacial assembly, and their activities were evaluated 

with multienzyme reaction systems with in situ regeneration of cofactor. The interface-

binding cofactor was active at the interface even after multiple reaction cycles at room 

temperature with a total turnover number that was almost twice to that of free cofactor 

and exhibited an extended stability at the oil-water interface with a continuous operation 

for 2150 hours for the multienzyme reaction system that involved alcohol dehydrogenase 

from Lactobacillus brevis and glucose dehydrogenase with NADPH as cofactor for 

reduction of acetophenone in organic phase with simultaneous oxidation of glucose in 

aqueous phase respectively.  

A kinetic analysis for different configuration of cofactors provided the dominant 

resistance towards interfacial reaction. Damkohler numbers for different form of the 

cofactors indicated that the productivity with interface assembled cofactor will be 730 

times lower than that with free cofactor for a single reaction cycle. However, this 

limitation was offset by the remarkable stability of interface assembled cofactor that can 

be reused for more than 3 months without appreciable loss of activity. The binding 
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resistance of enzyme-cofactor, Kc, was found to be 6 times higher with interface 

assembled cofactor than free cofactor in solution. This kinetic study revealed that the 

mobility and interfacial interaction of the molecules at the interface may be the dominant 

resistance towards interfacial reaction. 

 

(IV)  A novel mechanism of nanostirring was developed by magnetically stirring the 

interface-assembled enzymes at the interface with nanoparticles, which acted as 

nanoscale stirrers. The nanostirring improved the interfacial interaction between different 

molecules and the mass transfer of substrates/products near the boundary layer at the 

interface. Iron oxide superparamagnetic nanoparticles embedded in the polymer-enzyme 

conjugate at oil-water interface were used as a nanoscale stirrer and the nanostirring was 

realized by employing an external alternating magnetic field generator outside the 

reactor. The mobility improvement of enzymes due to nanostirring improved the reaction 

rate by over 600% for interface assembled enzymes with both single enzyme reaction 

system involving CPO and multienzymes reaction system with NADPH as cofactor. 

However, with native enzymes due to surface spreading of enzymes on nanoparticles, the 

activity dropped with nanostirring. This difference between native and interface 

assembled enzymes was due to the presence of polymer that protected the interface-

assembled enzymes from hydrophobic surface spreading at the nanoparticles surface. A 

direct correlation was observed between the improvements in the observed reaction rate 

to the mobility change of enzymes at the interface at different frequencies of nanostirring, 

which was visualized and quantified through fluorescence microscopy.  
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(V) The interfacial interaction of interface-assembled enzymes and interface 

assembled cofactor was realized with multiple interfacial cofactor turnovers achieved by 

employing a fast multienzyme reaction system with shear resistant dehydrogenases. The 

realization of interfacial interaction of different enzymes and cofactors is an essential step 

towards fabrication of artificial cell for efficient and economic biotransformations. As 

seen from the kinetic analysis and the diffusion coefficient estimation through FRAP for 

interface-assembled enzymes, the interfacial mobility and the interaction of molecules at 

the interface is limited by the interfacial constraints and this in turn results in slower 

reactions. The bottlenecks of slow reaction coupled with quick denaturation of 

dehydrogenases due to stirring, possessed a challenging problem to carry out reaction 

with interface-assembled enzyme and interface-assembled cofactor. To overcome this 

limitation a multienzyme reaction system that involved ADH RS1, which is relatively 

stable on stirring coupled with GluDH that gave a faster turnover for the NADH 

regeneration was employed.  It was demonstrated that an interfacial reaction with 

interface-assembled enzyme and interface-assembled cofactor can be achieved by this 

reaction system. The reaction optimized with respect to polymer modifier, substrate 

concentration and enzyme ratio exhibited multiple turnovers of interface assembled 

cofactor at the interface, which in turn indicated an interfacial interaction between 

interface-assembled enzyme and interface-assembled cofactor. However, further 

systematic and detailed analysis of this reaction system with both cofactor and enzymes 

assembled at the interface is required for better understanding of interfacial interaction 

between these molecules. 
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(VI)  Highly sensitive, stable and reproducible biosensors were developed with organic 

soluble enzymes. The enhanced hydrophobicity of enzymes achieved by its 

microenvironment manipulation with surfactant was used to develop organic soluble 

enzymes. The organic- soluble enzymes were electrospun with polymer to form bioactive 

nanofibers that were employed for the fabrication of glucose biosensor. Most of the 

previous studies for electrospinning polymer-enzyme solution, involved water soluble 

polymers. This led to loss of catalyst in aqueous solutions, which severely limited the use 

of these biocatalytic nanofibers as glucose sensors. To overcome this limitation, a novel 

method of electrospinning polymer-enzyme solution in organic solvent was developed. 

Prior to electrospinning, the enzymes were ion paired with surfactant and was thus made 

soluble in organic phase. When examined for glucose sensor applications, the nanofibers 

exhibited a 100 fold improvement of sensitivity compared to previous studies.  The high 

specific surface area of the nanofibers combined with high enzyme loading resulted faster 

reaction that made the enzyme carrying nanofibrous material ideal for biosensing 

applications at low analyte concentration.   

 

9.2 Future work 
 

To improve the performance of interface-assembled multienzyme system, further 

study of the interfacial system is needed. The reactions with both enzymes and cofactor 

assembled at the interface has to be optimized with respect to surface pressure isotherm, 

studying the form or phase of enzyme assembly morphology that is optimum for 

interfacial interaction of enzyme at cofactor. Quantitative correlations between the 
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interfacial enzyme properties and the activity of the enzymes at the interface have to be 

developed to improve the production efficiency, product quality and stability. Strategies 

based on the knowledge gained by this study, has to be developed for scale up of 

multistep reactions at the interface involving dehydrogenases and cofactor  

All these advances will make enzymatic process a promising alternative to 

traditional chemical routes in that the operation is easy and simple and the product 

obtained is usually of high purity. The interfacial multienzyme reaction strategy is 

expected to enhance the potential of enzymes for wide range of applications including 

organic synthesis, pollutant degradation, fuel processing, food technology, detergency, 

cosmetics, coating processes, pharmaceuticals, and biotechnology. The synergistic use of 

multiple enzymes in nontraditional environments like oil-water interface and in 

functional materials will eventually lead to fabrication of artificial cells.  
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APPENDIX 

Nomenclature 
 

Symbol Explanation Unit 
[..] Square brackets denote a 

concentration in moles per bulk 
solution volume 

moles/volume 

[C] Concentration of cofactor at the 
interface 

moles/volume 

[E] Concentration of cofactor bound 
active enzyme at interface 

moles/volume 

[E inactive] Concentration of inactive form of 
enzyme at interface 

moles/volume 

Da Damkohler number  
DL Diffusion coefficient for 

substrate to diffuse from bulk to 
interface 

Length s-1 

j Product flux per enzyme 
molecule 

Molecules s-1 

k-1, k3 Dissociation rate constants for  
E-S � E+S and E-P�E+P 

s-1 

k1, k-3 Association rate constants for   
E + S �E-S and E + P � E-P 

(mole fraction)-1s-1 

k2, k-2 Rate constants for chemical 
changes E-S�E-P and E-P�E-S 

s-1 

Kc Dissociation constant for   
E-C � E + C 

Moles/volume 

kcats Catalytic rate for enzyme at the 
interface 

s-1 

kD Apparent rate constant for 
diffusion limited reactions 

Length2 s-1 

kf Mass transfer coefficient s-1 
ki Relaxation rate for the integrated 

Michaelis Menten equation at the 
interface 

s-1 

KMP Michaelis constant for product 
and enzyme at the interface 

mole fraction 

KMS Michaelis constant for substrate 
and enzyme at the interface 

mole fraction 

XA Mole fraction of species A at the 
interface 

mole fraction 

 


