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Abstract 

Being deployed originally for biosynthesis or biodegradation, enzymes have also 

shown great potentials for development of functional materials. One particular challenge 

in deriving enzyme-based functional materials is the control of protein-material 

interactions for best compatibility, activity and stability. The main objectives of this study 

are to (1) investigate the incorporation of industrial enzymes into general purpose 

materials like hydrophobic coatings and hydrophilic thin films; (2) probe the fundamental 

mechanisms that control enzyme functionality and stability; and (3) explore novel 

applications in the realm of enzyme based functional materials, especially self-cleaning 

coatings. 

One major effort was dedicated to the development of enzyme-functionalized 

polyurethane coatings to afford a self-cleaning functionality with a reasonable lifetime. 

To act effectively against surface gluing organic stains, the applicability and suitability of 

hydrolytic enzymes like amylase, protease and lipase have been evaluated. Enzymes were 

incorporated into polymeric coatings in a manner to ensure high activity and stability. In 

the final cured coatings, a small portion of enzyme molecules is partially exposed to the 

outer surface, enabling the desired self-cleaning functionality; whereas the majority of the 

enzyme is entrapped in the interior, forming a reservoir for the gradual replenishment. 

This special way of enzyme immobilization enabled a high surface activity that is 

concomitantly accompanied by longevity as needed in practical applications. 
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The enzyme was entrapped into coatings through direct dispersion of an aqueous 

enzyme solution into a hydrophobic prepolymer mixture. Enzyme loadings of up to 5% 

wt (dry mass) have been tested. The polymer-enzyme mixture was applied as a coating 

solution and subsequently cured for 30 min at 83oC, resulting in bioactive coatings with 

high surface enzyme activity (~2.0 unit/cm2 for �-amylase and ~0.18 unit/cm2 for 

protease). In the fully cured coatings the enzymes were entrapped uniformly in form of 

microspherical particles. Such coatings also demonstrated very good activities against 

real-life stains in absence of bulk water, including food stains, smashed insects and 

fingerprints. In comparison to enzyme-free coatings, the rate of stain removal of was 

accelerated by a factor up to five orders of magnitude. It was further demonstrated that 

self-cleaning coatings can be reused for more than 50 times. 

Practical applications of such bioactive coatings also require outstanding 

durability against weathering and other detrimental effects. Therefore, two predominant 

weathering factors, heat and water, which tend to inactivate enzymes easily were 

investigated. Coated enzymes revealed a good thermal stability against both factor and 

showed half lifetimes in the order of years. However, contacting the surface exposed 

enzyme with water resulted in a decay of the self-cleaning functionality as part of the 

enzyme was released from the surface. Strategies for improved enzyme retention were 

developed by alternating the enzyme distribution and improving crosslinking between 

enzyme and polymer. Several preparation parameters including pH of the enzyme 

solution, the post-addition of surfactant and NCO/OH ratio were found effective in 

manipulating the degree of enzyme-polymer crosslinking, enzyme activity, enzyme 
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particle size and distribution. For instance, an improvement of enzyme retention by a 

factor of 85% was achieved for �-amylase coating when the NCO/OH ratio was increased 

from 1.2 to 2.4. 

A parallel study was performed to explore the advantages and limitations of 

enzyme entrapment into hydrophilic films. A hydrophilic matrix allows monophasic 

enzyme entrapment as in contrast to the two-phase PU coating system. Hydrogels made 

of polyacrylamide are known for being fully compatible with enzymes. The polymeric 

network is swollen in the water and becomes a rigid glass upon drying. It was assumed 

that final dry glassy PAG matrix had been in geometrical congruence with the structure 

of enzyme molecules entrapped inside, providing effective spatial confinement for the 

enzyme molecules. PAG with enzyme loadings of up to 2%, were prepared and examined 

in this study. Scanning electron microscope (SEM) characterization confirmed the 

dimensions of the pores of the annealed gels in the range tens of nanometers, comparable 

to the dimension of single protein molecules. PAG-enzyme composite showed 

tremendously improved enzyme stabilities, against thermal or solvent inactivation. The 

most dramatic stabilization was observed for PAG-glucose oxidase (GOx) composite. The 

half-life time for PAG-entrapped GOx at 75oC in pure ethanol was about half year, more 

than 6 orders of magnitude higher than that of it native counterpart, a result not achieved 

by another types of enzyme stabilization measures. Marked stability was further observed 

on the PAG-entrapped �-chymotrypsin implying such a spatial confinement method 

could be general to all the proteins.  
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In summary, this work proved the feasibility of the concept of enzyme-based self-

cleaning coatings. It also reveals a generic approach for preparation of a wide array of 

biofunctional smart coatings. We further discovered that spatial confinement of enzymes 

into hydrophilic polymer matrix can substantially stabilize enzymes against thermal and 

chemical inactivation. 
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1 INTRODUCTION AND LITERATURE REVIEW 

1.1 Enzyme in biotechnology 

1.1.1 Enzyme as versatile tools 

 Through millions of years of evolution, nature has intricately created and refined 

the structure of enzymes for biological functions, which turned out can also be applied as 

versatile biocatalysts in vitro for various technical applications. Due to their well defined 

sequences and structural patterns enzymes show remarkable region- and stereo-

selectivities, what make them interesting biocatalysts. Practical use of enzymes has been 

extensively pursued in a wide range of various industrial processes and products, 

expanding from traditional brewing/fermentation industry (1) and laundry detergents (2-

4) to fine chemical synthesis (5, 6), biobleaching (7), biosensors (8-15), biochip (16, 17) 

and biofuel cells (18-21). In many cases, however, inefficient durability of enzymes 

hinders the development of large-scale bioprocesses form outperforming traditional 

chemical processes (1, 22, 23). Enzymes are prone to be denatured by unfolding of subtle 

three-dimensional tertiary structure with concomitant loss of activity, what is promoted—

by a lot of environmental factors (such as heat, water, light) or chemical denaturants 

(such as detergent or organic solvent). Changes on the level of the secondary/primary 

structure of the protein may affect the enzyme activity (24). Such adverse factors include 

elevated temperatures, oxidizing agents, organic solvent, mechanical forces, etc.. As a 

result of the exposure to those factors, enzymes may undergo various changes such as e 

disulfide intra- and inter-exchanges, the intermolecular interactions between disulfide 
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bridges, the reduction and oxidation of the sulfur-containing residues, the disruption of 

the non-covalent and hydrophobic interactions, the deamidation of amide containing 

residues, the hydrolysis of peptide chains (25, 26). Table 1-1 summaries these modes of 

inactivation and major causes, as well as the most susceptible amino acid residues that 

might get involved in each mode of inactivation.    

Table 1-1 Summary of enzyme inactivation modes  
 

Mode of 
inactivation   Mechanism   Most susceptible 

amino acids   Reference 

  Intermolecular interactions   Cys   

 Chemical alterations  Asp, Glu  

 Hydrolysis of peptide bonds  All  

 Crosslinking   Lysine with Asn, Gln, 
Asp and Glu  

 Isomerization   Asn, Asp, Gln, Glu, Pro  

 Racemization   All   

 Maillard reactions  Lys  

Thermo-
inactivation 

  Decomposition of Pro and Trp    Pro, Trp   

(27-33)  

Radiation (UV, 
�-rays, X-rays)   

High energy leads to the formation of radicals 
that further trigger damages in all structures 

of protein, including primary structure 
  All, especially Cys, 

Try, His   (34-38)  

Oxidation   Chemical alterations by oxidation   
Sulfur-containing 

residues (Cys, Met) and 
His, Tyr, Try 

  (38-40)  

Cold, freezing, 
lyophilization   

Dramatic changes of micro-environment leads 
to aggregation, thiol-disulfide exchange and 

Cys oxidation 
  

All, especially sulfur-
containing residues 

(Cys, Met)  
   (41-43) 

Organic solvent   

Disturbing the non-covalent and hydrophobic 
interaction by stripping away the structural 
water bond to the enzyme / changing the 

thermodynamic of protein folding 

  Hydrophobic residues, 
Cys    (5, 44-48) 

Mechanical 
forces   

Changes of pressure, air/water interface result 
in destabilization of non-covalent interactions, 

dissociation of subunits,  
  All, especially 

multimeric proteins    (49-54) 

pH   
Electrostatic repulsion between equally 
charged groups may disrupt the folded 

structure 
  Charged groups    (25, 26) 

Metal Chelators    Stripping off the metal ions from the binding 
site in metalloenzyme   Metalloproteins   (55, 56)  
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Salts   Changes in ionic strength   Charged 
residues   (57, 58)  

Sulfhydryl-
Reducing Agents   Reduction of thiol containing groups; 

reduction of disulfide bridge   
Sulfur-containing 

residues (Cys, Met) and 
His, Try 

  (59-62)  

  

 To date, extensive R&D efforts have been dedicated to improve the stability of 

biocatalysts for practical applications. Methodologies such as addition of suitable 

stabilizers that change protein microenvironment (57, 63, 64), genetic and protein 

engineering (65-67), chemical modification (68-71) and immobilization on/into solid 

supports are among the most widely investigated strategies. In practice, almost all large-

scale industrial operations desire immobilized enzymes because they enable the economic 

reuse of enzymes as well as continuous processes, and a facilitated product purification 

(18). The next section will focus specifically on enzyme immobilization, especially in the 

form of enzyme-polymer composites.  

1.1.2 Enzyme immobilization 

Techniques developed so far for enzyme immobilization are versatile (1, 24, 72-

75), but can be distinguished into the following categories: adsorption (76, 77), covalent 

binding (78-80), entrapment (81-85) and cross-linking aggregates (86-89). By physical 

adsorption such as hydrophobic, van der Waals or ionic interactions, enzymes can be 

bound onto supports generally with high retention of their native structure and thus 

activity. However, physical adsorption is generally too weak to keep enzymes fixed to the 

carrier. Covalent attachment of enzymes onto the solid supports offers much stronger 

binding. However, it involves complicated and extensive multi-step procedures, and even 
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worse results in a significant enzyme inactivation, for instance due to the attachment 

through their active centres. Moreover, the generally expensive carrier materials cannot 

be refreshed or renewed when enzyme activity gets lost after being used in the 

application. In real applications, enzymes located on the surface also tend to be 

inactivated when exposed to harsh conditions or because of mechanical abrasion or 

wearing (90). Cross-linked enzyme aggregates (CLEAs) and cross-linked enzyme 

crystals (CLECs) can be prepared by intermolecular covalent binding of the enzyme 

molecules. They appear to have considerable advantages due to high catalyst 

productivities (no dilution effects by carrier supports) and consequently high space time 

yields. However, the lack of mechanical strength and the toxicity of the multi-functional 

chemical reagents used for cross-linking obviously impose limitations for the general 

applicability of immobilization type. In addition, preparation of CLECs requires enzyme 

of high purity where purification is always a laborious and therefore expensive 

procedure. Moreover, mass transfer limitations encountered for enzymes in the inner core 

of such aggregates also lower the overall efficiency.  

Mostly the physical absorption or covalent bound enzymes on the surface cannot 

offer high enzyme loading and these enzymes are not protected from the detrimental 

effects of the surrounding reaction medium. In contrast, physical entrapment into the 

polymer matrix provides such protection and can be done by easy protocols with high 

enzyme loadings. Hence, entrapment of enzyme molecules into a polymer networks 

forms a hybrid material, where high activity can be maintained and the enzyme is fully 

protected. The most apparent drawback would be the mass transfer limitation. Due to the 
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general mass transfer problem, entrapped systems are more suitable with small molecules 

as substrates/products that can transfer through the polymer network. But this depends on 

the application and the size of the substrate and can be controlled to a certain extent by 

adjusting the pore size of the polymeric network. In this respect, it should be noted that, 

however, the physical restraints provided by polymer network often are not too strong to 

prevent enzyme leakage entirely. Hence, additional crosslinking is often needed to 

alleviate such leakage. The key challenge is to balance the adverse effects of crosslinking 

with beneficial reduced enzyme leakage. So far most applications of enzymes have been 

aiming at applications in industrial biocatalysis and a few in biosensing. For the latter, 

techniques have been reported that form a monolayer onto surfaces or thin films as 

needed for example in microfluidic devices (16, 91). Very few studies immobilized 

enzymes on general surfaces to form smart coatings, what will be the topic of the 

following chapter. 

 

1.2 State of the art in enzyme based smart coatings and thin 

films 

 While traditional coatings aim to protect or decorate the substrate in a passive 

way, smart coatings go further in that they are able to sense and interact with 

environment and respond to changes in a predictable and noticeable way, while 

maintaining the compositional integrity (92). Smart coatings described in literature have 

been able of sensing environmental, chemical, physical or biological processes. Besides 
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applications in biosensing, also more sophisticated / challenging functionalities have been 

addressed such as self-cleaning, self-healing/self-repairing internal structural damage 

(93-95), wettability regulation (96, 97) to anti-microbes (98-105) and detoxifications (7, 

106-114). Among them, enzyme or polypeptide based smart coatings have drawn 

increasingly attention as inherently green, highly specific, biocompatible and 

biodegradable products, strictly fulfilling the growing demand for sustainability(24). 

Depending on the type of enzyme, stimuli for respective smart coatings capable of 

biosensing can be a change in pH, the occurrence of pathogens or other microorganisms. 

Besides biosensing also decontaminating effects are of interest, aiming at the facilitated 

removal of various organic and biological contaminants in a broad definition. Possible 

applications are including anti-microbial/anti-fouling (101, 105, 115), de-odor (40, 49, 

53, 56, 116, 117), detoxification (7, 81, 106-114, 118) and self-cleaning coatings (81, 

119). For instance, Russell group incorporated the enzyme diisopropylfluorophosphatase 

into water-borne polyurethane coatings for detoxification (40, 49, 53, 56, 116, 117) 

against nerve agents and pesticides (90, 120) by crosslinking the enzyme with the 

polyurethane matrix. In another scenario, enzyme organophosphorus hydrolase 

incorporated into latex coatings was used for remediation of organophosphorus (OP) 

compounds (81). Chances are also explored to construct anti-bacterial/antifouling 

coatings by incorporation of related enzymes into coating (115). Anti-

bacterial/antifouling enzymes are ubiquitous in nature, playing a significant role in the 

defense mechanisms of living organisms against infection by bacteria and fungi (121). 

These enzymes could be divided into two major categories, mainly hydrolytic enzymes 
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such as lysozyme, whose substrates are peptidoglycan as key structural components of 

microorganisms’ rigid cell walls. Degradation of cell wall by lysozyme would result in 

inner osmotic pressure of the cell thus lead to lysis of the cell (122). The second category 

involves oxidoreductase enzymes like glucose oxidase or lacoperoxidase. They have also 

been reported to have anti-microbial effects by the generation of reactive molecules (e.g. 

H2O2) that destroy vital components in the cell of bacterial/fungus (123). Table 1-2 

summary the possible applications of enzyme coatings for decontamination.   

Table 1-2 Examples of enzyme-based smart coatings 

Function Stimulus Enzyme Mechanism Potential applications Ref 

Juices and 

beverages, food 
amylase 

Hydrolysis of starch 

or oligosaccharides 

at glycosidic bonds 

 

Facilitated removal of 

food stains in restaurants 

or kitchens 

Bugs, dairy 

products, animal 

wastes 

protease 

Hydrolysis of 

protein at peptide 

bonds 

Facilitated bug removal on 

automotive exterior coat 

Fats and oils, blood, 

cosmetics, inks 
lipase 

Hydrolysis of oils 

and fats at ester 

chemical bonds 

De-grease in kitchens, 

anti-fingerprint 

Self-

cleaning 

 

animal wastes, 

foods 
cellulase 

Hydrolysis of 

cellulose based fiber 

Facilitated removal of bird 

dropping, gum 

(81, 119) 

Cell wall of 

bacterial 
Lysozyme 

cell wall 

degradation 
Hygiene products 

Anti-

bacterial 

& Anti-

fouling 
Protein-rich 

adhesives produced 

by the organisms 

protease 
hydrolysis of 

protein 
Hygiene products 

(101, 105, 

115) 
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bacterial/ fungi chitinases 
cell wall 

degradation 

Hygiene products or anti-

fouling coatings 

Glucose 
glucose 

oxidase 

produce hydrogen 

peroxide 

Hygiene products or anti 

fouling coatings 

hydrogen peroxide 

or halo ions 

provided by 

surrounding sea 

water 

haloperoxida

se 

produce 

hypohalogenic acid 
Anti fouling coatings 

nitrogen compounds 

or volatile sulphur 

compounds 

Oxido-

reductase 

enzyme  

Oxidize nitrogen 

compounds or 

volatile sulphur 

compounds 

Hygiene products 

De-odor 

 

Common organic 

wastes 

Hydrolytic 

enzymes 

Hydrolysis of 

proteins, 

carbohydrate or 

lipid 

Hygiene products 

(40, 49, 

53, 56, 

116, 117) 

Detoxific

ation 
Organophosphate 

organophosp

horos 

hydrolase 

Hydrolysis of 

organophosphate 

Degrade chemical waste 

and warfare agents 

(7, 81, 

106-114, 

118) 

 

 Among the above mentioned applications, the self-cleaning coating is selected as 

one of most promising and interesting concepts that aim at upgrading various everyday 

products by a facilitated removal of real-life stains. Such a concept of self-cleaning 

coating borrowed from nature. Naturally evolved biological systems rely widely on self-

defensive mechanisms like deploying bioactive peptides and enzymes on exposed 

surfaces to enable their first immune or anti-infection response against contaminated 

surroundings. Human skin applies enzymes like lysozyme and ribonuclease as well as 



 

 9 

antimicrobial peptides, which in concert with inflammatory cells and signal substances 

provide the first level of protection against immune infections (105, 124). Similarly, 

plants possess inducible protein functionalities for self defense, releasing enzymes like 

glucanases or chitinases to attack approaching fungal cell wall; or inhibitors to stop 

invading enzymes from degrading plant cells; or using proteins able to penetrate the 

pathogen’s cell membranes to cause a deathful efflux of cellular components (125-128). 

Mimicking such naturally occurring processes, a solid surface coated with enzymes may 

function in a similar defensive manner, and depending on the enzymes applied, protecting 

the surface in situ from contamination by biological stains at first contact with the 

exposed surface. 

The majority of real-life stains originate from bioorganic matters including 

proteins, lipids and saccharides. These stains can be traced back to food sauces, 

triglyceride-based oils and fats, microbes, blood, bird droppings, insect debris, and more. 

In most cases biomacromolecules act like glue and bind to solid surfaces, holding and 

integrating other biological debris and particulate matter, and in some cases acting as the 

substrate for attachment and growth of biofilms. Macromolecular carbohydrates and 

proteins are considered two major constituents of biological stains. Traditional – and 

commercially available – self-cleaning coatings mainly base on either UV- driven TiO2 

reactive coatings (129-131) or hydrophobic stain-preventing systems (132). In the 

reactive system, TiO2 adsorbs light resulting in excited charge carriers as well as the 

aggressive superoxide radical which both are capable of decomposing organic molecules 

within molecular contact vicinity. As an example, the photocatalyst TiO2 was used to 
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promote active fingerprint decomposition of fingerprint stains in U.S. Pat. Appl. Publ. 

2009/104086. A major drawback to this technology is its limitation to use on inorganic 

surfaces such as glass (129) due to a compatibility issue: TiO2 not only decomposes dirt, 

but also oxidizes polymer resins of the coating itself.  

Hydrophobic non-adhesive coatings follow a preventive strategy by fabricating 

surface chemistry and structure, mimicking the natively-occurring systems such as lotus 

leaves, to render the materials non-adhesive properties as a result of the surface energy 

(132). Prior art approaches aim to reduce the deposition of stains on a surface and 

facilitate its removal by capitalizing on the “lotus-effect” where hydrophobic, oleophobic 

and super-amphiphobic properties are conferred to the surface by polymeric coatings 

containing appropriate nanocomposites. An exemplary coating contains fluorine and 

silicon nanocomposites with good roll off properties and very high water and oil contact 

angles. When used on rough surfaces like sandblasted glass, nanocoating may act as a 

filler to provide stain resistance. A drawback of these “passive” technologies is that they 

are not optimal for use in high gloss surfaces because the lotus-effect is based on surface 

roughness. These show some level of effectiveness for removal of inorganic dirt, but the 

effectiveness of functionalities provided by this type of coatings against biological stains, 

however, still remain unknown. 

Enzyme-based self-cleaning coatings act quite differently. Numerous hydrolytic 

enzymes have such potential to deal with organic stains. Bio stains are degradable by 

hydrolytic enzymes as they are composed of triglycerides, proteins, polysaccharides. 

Various hydrolytic enzymes have proven their effectiveness as they are traditionally used 
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as active ingredients in detergents (7-10). In the detergent industry enzymes offer 

selective cleaning of stains on fabrics in the presence of excess amounts of water. As 

extended to smart coatings, such digestive enzymes can be incorporated on surfaces to 

enable the decontamination by degrading the macromolecules of the stain. Without being 

limited to one particular theory, the smaller product molecules are supposed to adhere 

less strongly to the surface, with gravity or gentle rinsing with water, air, or other fluid 

promotes the removal of the organic stain material. 

The use of enzymes or other biological molecules in smart coatings is diverse, so 

are the incorporation methods. Immobilization discussed in Section 1.1.2 provides 

different methods for the preparation of enzyme-polymer composites. Some delicate 

methods are available, for instance, Wang (84) and Kim (83) introduced the general 

concepts of “biocatalytic polymer” or “bioplastic” by incorporation of modified enzymes 

as monomers into polymeric matrix to be used as heterogeneous biocatalysts. Even more 

advanced technology is use protein engineering to manipulate the desired binding sites on 

the enzyme for enzyme-polymer hybrid synthesis (72). Apparently there is no an all-

encompassing immobilization method that overcome all problems. At least, the method 

selection depends largely on numerous factors, including enzyme type, aimed 

applications and polymer properties (e.g. hydrophilic or hydrophobic). The quest of 

immobilization methods for optimum performance continues. 

However, it has to be noted that so far enzyme based coating are still at the 

premature stage. Though there are some demonstrations of novel functions shown under 

strict lab conditions (81, 119), great challenges still hamper the transfer of these novel 
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functions from lab to real life. To our best knowledge, none of the applications enlisted in 

Table 1-2 is used in commercial scale. Furthermore, the stability if exposed to exterior 

weathering has not been fully addressed so far. Certainly, in biocatalysis or indoor 

applications this is less of an issue, but also here it still needs to be proven that the 

product life cycle complies with the requirements given by the application. Such 

durability requirements still have to be considered a main obstacle to the application of 

enzyme-polymer composites.  

1.3 Scope of work 

The research conducted here explored the new frontier of practical applications 

using enzyme-polymer composites. Entrapment was chosen as preferred incorporation 

method for the preparation of enzyme-composite materials because of its mild condition 

and high activity retention. Another objective was to evaluate the impact of interior 

crosslinking was in respects to enzyme leakage issues. Two polymer types were selected, 

to illustrate the advantages and limitations of enzyme entrapment into these two distinct 

systems: hydrophilic thin film and hydrophobic coatings. Hydrophilic thin film is made 

of polyacrylamide gel (PAG) which is well known as fully compatible with enzymes. The 

thin films with enzymes entrapped could be used for novel applications in industrial 

biocatalysis. As incorporation of enzymes into hydrophilic PAG gel takes place in a 

monophasic system, a homogeneous distribution of enzymes on a molecular level in the 

polymer matrix can be expected. In contrast, solvent borne (SB) polyurethane (PU) was 

chosen as hydrophobic coating owing to its impressive benefits including its as high 

chemical resilience, structural flexibility, excellent mechanical properties, good 
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weathering and broad applications especially in automotive, wood and furniture industry 

(133). No other material offers such outstanding features thus making it highly attractive 

to be used as enzyme-polymer composites, what has not been achieved so far. One major 

objective for the development of enzyme-functionalized polyurethane coatings is to 

assure the longevity of the self-cleaning surface functionality to comply with a reasonable 

lifetime cycle for such products. Accordingly, our major tasks were defined as follows: 

• Task 1: Investigate incorporation methods for enzyme into both hydrophobic 

and hydrophilic coatings; probe and understand the advantages and 

limitations of these approaches; 

• Task 2: Verification of enzyme-based self-cleaning coatings against organic 

stains; explore the practical applications of self-cleaning bioactive coatings. 

• Task 3: Study the possible methods to enhance enzyme stability against 

weathering factors and other detrimental factors;  

  Based on these three tasks, the thesis is outlined as follows: Chapter 2 describes 

the development of methods for the enzyme incorporation into hydrophobic polyurethane 

coatings and how to reveal enzyme formation and distribution in the coating. The general 

proof of the self-cleaning concept and its underlying biocatalytic principle is also 

depicted. Chapter 3 investigates the methods for enzyme incorporation into a distinct 

system, a hydrophilic thin film. The tremendous stabilization that was achieved via 

spatial confinement of single enzyme molecule in polymeric nanocage is thoroughly 

discussed. The following Chapter 4 explores the novel functions of enzyme smart 

coatings against various organic stains and also demonstrates novel self-cleaning 
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applications described for the first time. The reusability of enzyme coatings is also 

thoroughly discussed as well as the stability of enzyme PU coating is evaluated in 

Chapter 5. Possible optimization strategies to enhance the durability of bioactive coatings 

against weathering factors are examined in Chapter 6. The conclusions are summarized in 

Chapter 7, together with a general outlook and future tasks to be addressed.  
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2  BIOACTIVE COATINGS BASED ON POLYURETHANE 

ENTRAPPED ENZYMES  

2.1 Introduction 

Polyurethane is one of the most versatile materials today found everywhere. Their 

formulations cover an extremely wide range from hard coating to soft foam. When used 

as coatings, PU are well known as one of the most outstanding materials in that they 

generally have excellent resistance to chemicals and abrasion as well as they are offering 

superior weathering characteristics accompanied by marked mechanical properties, 

enabling broad applications including exterior automotive clear coats and building 

coatings (134).  

The incorporation of enzymes into polyurethane coatings has been investigated 

continuously over the several decades, most of them were immobilized into the form of 

porous and flexible PU foam (13, 40, 109-111, 135-140) for biosensing or detoxification, 

or covalent immobilized enzyme into hydrophilic water-borne polyurethane matrix, as 

extensively examined by Russell’s group (40, 90, 107, 108, 141). However, few studies 

have been involved with solvent borne (SB) polyurethane (PU) coating in a rigid form as 

itself broadly used in a vast of applications, especially on the automotive exterior clear 

coat. Therefore, there is a need to investigated protein-SB PU polymer composites. It 

would be a breakthrough if the beneficial properties of SB PU can be merged with the 
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functionality provided by enzymes. Moreover, self-cleaning properties of general 

surfaces demands a robust and stable polymer coating that can best achieved with PU.  

We explored this herein by incorporating hydrolytic enzymes (majorly �-amylase, 

protease, lipase), into precursors of SB PU polymeric materials. The development of 

enzyme incorporation into 2K SB PU coating and concept of solid-state biocatalysts 

against solid substrate stains are thoroughly investigated in this chapter.  

2.2 Materials and methods 

2.2.1 Materials 

The polyurethane pre-polymers used in the synthesis of protein coatings 

(including polyacrylic resin Desmophen A870 BA and the polyester resin Bayhydrol XP 

7093, the polyisocyanate Desmodur N3600 and Bayhydur 302) were kindly provided by 

Bayer Corp. (Pittsburgh, PA). The surfactant BYK-333 was obtained from BYK-Chemie 

(Wallingford, CT). Thermoase C160 (EC 3.4.24.4) from Bacillus stearothermophilus, 

Protin SD AY-10, Protease A, protease N from Bacillus subtilis (EC 3.4.24.28), �-

amylase KLEISTASE T10S from Bacillus subtilis (EC 3.2.1.1), �-amylase KLEISTASE 

SD80 from Bacillus subtilis (EC 3.2.1.1), lipase A12 from Aspergillus niger (EC 3.1.1.3) 

and lipase PS from Burkholderia cepacia (EC 3.1.1.3) were generously provided by 

Amano Enzyme Inc (Nagoya, Japan). Thermolysin from Bacillus thermoproteolyticus 

Rokko (EC 3.4.24.24), protease Subtilisin Carlsberg from Bacillus licheniformis (EC 

3.4.21.62), �-chymotrypsin from bovine pancreas (EC 3.4.21.1) butyl acetate, Bradford 

reagent, bovine serum albumin (BSA) from bovine serum, Na2(PO4), NaCl, K2(PO4), 
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casein, trichloroacetic acid, Folin & Ciocalteu’s phenol reagent, Na2(CO3), sodium 

acetate, calcium acetate, tyrosine, ethylenediaminetetraacetic acid (EDTA), iodine were 

obtained from Sigma Chemical Co., St. Louis, MO, U.S.A.. Unless mentioned, all 

reagents and solvents used in the experiments were of the highest grade commercially 

available.  

2.2.2 Preparation of bioactive coatings 

For thermoase C160 (TC160) SB PU coatings, typically, a purified enzyme 

solution with a protein content of 200 mg/mL at pH around 6.8 was used. The original 

enzyme powder has enzyme content of 10% wt. A 150 mL of enzyme solution with 

concentration of 100 mg solid/mL in DI water was added into an Amicon cell with a 30 

kDa cut-off membrane (Millipore, Billerica, MA). The ultrafiltration was performed – as 

all following solutions – on ice at a pressure of 55 psi, repeated 3 times by refilling the 

cell back to 150 mL after each run. The final remaining purified protein solution was 

used for coating preparation. Typically, a solution of 200 mg/mL of purified TC160 

solution was used for bioactive coating preparation. Two components (2K) SB 

polyurethane formula designed for automotive exterior coating were adopted. Typically, 

a portion (600 µL) of the enzyme solution was mixed with 2.1 g Desmophen A 870BA 

together with 500 µL n-butyl acetate and 100 µL surfactant (17 % v/v in 1-butanol), 

vigorously stirred for 1 min at 2000 rpm. The whitish emulsion was subsequently added 

to 0.8 g Desmodur N 3600 and again vigorously mixed for 1 min. The resulting curable 

composition was drawn down using a 8-path wet film applicator (Paul N. Gardner, 

Pompano Beach, FL) in the predetermined thickness of 2-4 mils (50.8-101.6 µm) onto 
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aluminium testing panels (Paul N. Gardner, Pompano Beach, FL) (previously cleaned 

with acetone). The resultant coating was flashed for 5 min at room temperature, and then 

cured at 83°C for 4 hours followed by 1 week storage at room temperature prior to further 

use.  

For �-amylase coating, typically, a solution of 1 mL of deionized water 

containing 450 mg of �-amylase was prepared. Insoluble starch impurity in raw powder 

was removed by filtration over a 200 nm PTFE filter. To obtain a purified �-amylase 

enzyme solution with a protein content of 200 mg/mL at pH around 6.8, the enzyme 

solution was further purified by ultrafitration using a 150 mL Amicon cell with a 30 kDa 

cut-off membrane (Millipore, Billerica, MA). The ultrafiltration was performed – as all 

following solutions – on ice at a pressure of 55 psi, repeated 3 times by refilling the cell 

back to 150 mL after each run. The final remaining purified protein solution was used for 

coating preparation. Typically, a solution of 200 mg/mL of purified �-amylase was used 

for bioactive coating preparation leading to a 5% protein loading of the final non-volatile 

(NV) mass component. A portion (600 µL) of the enzyme solution was mixed with 2.1 g 

Desmophen A 870BA together with 500 µL n-butyl acetate and 100 µL surfactant (17 % 

v/v in 1-butanol), vigorously stirred for 1 min at 2000 rpm. The whitish emulsion was 

subsequently added to 0.8 g Desmodur N 3600 and again vigorously mixed for 1 min. 

The resulting curable composition was drawn down using a 8-path wet film applicator 

(Paul N. Gardner, Pompano Beach, FL) in the predetermined thickness of 2-4 mils (50.8-

101.6 µm) onto aluminium testing panels (Paul N. Gardner, Pompano Beach, FL) 

(previously cleaned with acetone). The resultant coating was flashed for 5 min at room 
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temperature, and then cured at 83°C for 4 hours followed by 1 week storage at room 

temperature prior to further use.  

For lipase coatings, similar ultrafiltration and coating preparation as above were 

followed. Purified lipase A12 in DI H2O with high concentration (no less than 50 mg/ml) 

was used for incorporation.  

Before activity tests, all the coatings were extensively rinsed for at least 3 min 

under running deionized water (DI water) (50 ml/sec) to remove physically absorbed 

enzymes. Panels to be used in the enzyme activity testing were cut into uniform 

rectangular pieces (1.2 × 1.9 cm) by light duty bench-top Shear (McMaster, Robbinsville, 

NJ), whereas coatings used for self-cleaning left uncut. For �-amylase coating, besides 

alumina panel a veneered side table was coated with the curable SB composition by 

brushing. 

 

2.2.3 Enzyme activity assays 

2.2.3.1 Proteolytic activity assay 

Proteolytic activity of TC160 was determined by following the method of Folin 

and Ciocalteau (142). Typically, 1 mL of 2% (w/v) of casein in sodium phosphate buffer 

(0.05 M; pH 7.5) buffer solution was used as substrate together with 200 �L of sodium 

acetate buffer (10 mM; pH 7.5) with 5 mM calcium acetate. The substrate solution was 

pre-incubated in the water bath for 3 min to reach 37°C. The reaction was started when 

one piece of sample plate coated with TC160 (1.2 × 1.9 cm2) was added and shaken with 
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200 rpm until reaction was stopped after 10 min by adding 1 mL of 110 mM 

tricholoroacetic acid (TCA) solution. The mixture was incubated for 30 min at 37°C prior 

to centrifugation. The equivalent of tyrosine in 400 µL of the TCA-soluble fraction was 

determined at 660 nm using 200 µL of 25% (v/v) Folin-Ciocalteau reagent and 1 mL 0.5 

M sodium carbonate. One unit of activity was defined as the amount of enzyme 

hydrolyzing casein to produce absorbance equivalent to 1.0 µmol of tyrosine per min at 

37°C. If not specified, triplicate measurements were performed for each time. 

2.2.3.2 �-Amylase activity assay 

The determination of �-amylase activity followed the colorimetric assay of 

Fischer and Stein (143), in which due to the amylolytic activity reducing groups are 

released from starch and reacting with 3,5-dinitrosalicylic acid. The substrate solution 

comprised of 1% w/v potato starch in 20 mM sodium phosphate buffer with 6.7 mM 

sodium chloride (pH 6.9). 2 mL of the substrate solution and one rectangular piece of the 

coating after 3 min pre-washing in running DI water (50mL/sec) were incubated for exact 

3 min at room temperature. For the determination of the native enzyme activity, 10 �L of 

the enzyme solution (200 �g/mL) were admixed to the substrate solution. After that 3,5-

dinitrosalicylic acid color develop solution was added, incubated in boiling water for 15 

min, and followed by cooling down in an ice bath. The equivalent of reducing sugar was 

determined by a UV-VIS spectrometer (Cary 50-Varian Inc., Walnut Creek, CA, USA) at 

540 nm. One unit of �-amylase activity was defined as 1.0 mg of reducing sugar 

(calculated from a standard curve previously calibrated against maltose) released from 
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starch in 3 min at room temperature (23+1 °C). If not specified, triplicate measurements 

were performed for each time. 

2.2.4 Total protein assay 

2.2.4.1 Bradford protein assay 

 The protein concentration in the aqueous solution was measured by Bradford 

protein assay (144). The mechanism is based on a color shift of the dye Coomassie blue 

reagent when bound to protein being assayed. In a typical measurement, 0.5 mL of 

reagent was put into 1.4 mL of cuvette followed by 0.5 mL of enzyme solution. The 

solution was incubated at room temperature for 5 min and then the absorbance at 595 nm 

was measured on Cary 50 Bio UV-Vis spectrophotometer (Varian, Walnut Creek, CA). 

BSA was used as the standards for calibration. 

2.2.4.2 Bicinchoninic Acid (BCA) protein assay 

 BCA assay is a very sensitive and selective colorimetric detection method for 

protein content determination. It involves protein-copper chelation with secondary 

detection of the reduced copper (145). It is considered as a more sensitive method than 

Bradford assay and more resistance to the salts in the solution. BCA protein assay kit 

obtained from Pierce Inc. (Rockford, IL) was used directly by following the standard 

protocol given by the manufacturer.  
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2.2.5 Characterizations of enzymes in the PU coatings 

2.2.5.1 Characterization of enzyme coatings by SEM and EDX  

The cross-section of bioactive coatings was investigated by a JSM 5800 model 

(JEOL Co., Tokyo, Japan) SEM to visualize the dispersed enzyme aggregates within the 

coating. Cross-sectionized samples were prepared by coating on the heavy duty Reynolds 

Wrap® aluminium foil (Richmond, VA), following the same protocol as given for the 

alumina panels. The fully cured coatings were torn and the resulting cross-section of the 

fractured polymer and surface were sputtered with Au-Pd, mounted on a thin specimen 

split mount (Ted Pella Inc., Redding, CA). Element information of the coating was 

further examined by a Bruker AXS XFlash 3001 SDD (Silicon Drift Detector) EDX 

(energy dispersive X-ray spectrometry) coupled with JSM 5800 SEM. The flat portion of 

cross-section was preferable to come up with more accurate and trustworthy data. For 

standards, corresponding dry free enzyme and blank 2K SB PU coating were used, 

sputtered with Au-Pd. Quantitative composition results from an EDX spectrum were 

obtained by interactive PB-ZAF method (146). 

The surface of protein coatings was also inspected by JSM 5800 SEM to visualize 

the formation of enzyme aggregates on the coating surface. The coating surface was 

sputtered with Au-Pd prior to the characterization.  



 

 23 

2.2.5.2 Localization of protein in film by confocal laser scanning microscope and 

fluorescent microscope 

A dye solution of 50 µmole was obtained by dissolving Oregon Green 488 

Maleimide in phosphate buffer (pH 7.0, 10 mM). Then 2 mL of dye solution was used to 

immerse a small piece of the enzyme coating (1 cm × 2 cm). The reaction was conducted 

at RT for 2 hours and avoided from light by wrapping with Reynolds Wrap® aluminium 

foil (Richmond, VA). After the reaction, free dye molecules were washed away with 

phosphate buffer (pH 7.0, 10 mM) at RT for 2 hours under shaking at 200 rpm. After 

dried at RT for 1 hour, the film was mounted with cover glass by Prolong Gold antifade 

media, and observed by confocal laser scanning microscope (CLSM) (Zeiss LSM 510-

META, Thornwood, NY) equipped with an inverted microscope. An objective lens 

(63×/water immersion) was utilized. The excitation wavelength was set at 488 nm with 

an emission maximum at approximately 524 nm. Laser intensity and detection settings 

were maintained constant during imaging of all samples. Digital image files were 

acquired in tagged image file format (TIFF) at a resolution of 1024×1024 pixel. Image J 

software was used to analyze particle size distribution and fluorescence intensity based 

on the CLSM images. Olympus IX70 inverted fluorescence microscope was also utilized 

to analyze the overall distribution of the enzymes in coatings observed from the top. 

2.2.5.3 FT-IR analysis 

Coating samples were analyzed using attenuated total reflectance (ATR) FTIR 

spectrometer (Nicolet 8700 FT-IR, Thermo Nicolet, Madison, USA). The instrument was 

continuously purged with dry air supplied from a Balston Type 74-5041 NA air 
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purification system (Parker Hannifin Co., Cleveland, OH). ATR spectra were measured 

over the wave number range of 4500–500 cm−1 at a resolution of 4.0 cm−1
 and a diamond 

crystal was utilized. The spectral data was converted for further analysis using the Omnic 

software package. All the spectra were normalized to the CH2 stretching vibrations at 

2,952 cm-1.  

2.2.5.4 Water Contact Angle 

Static water contact angles on the coatings were measured at room temperature 

using a goniometer (DM700, Kyowa Interface Science, Tokyo, Japan). A water droplet of 

4.7 �L was contacted onto the coatings and contact angles were measured directly by 

photographic images. Data were collected at five positions on the surface of each sample 

and analyzed by FAMAS software. 

2.2.5.5 Determination of Tg 

 Tg of the coatings was evaluated by TA instruments DSC Q100 (New Castle, DE). 

The coatings were prepared on top of aluminum foil using draw-down method, cut into 

small pieces, and then put into an aluminum sample pan. An empty pan was utilized as 

reference. Initially, the sample was heated at 20°C/min from 40 to 150°C, followed by a 

cooling procedure at 20°C/min to -50°C to remove water from the sample and to build up 

the thermal history. Then, a modulated program was utilized with a scan rate of 

2.5°C/min, and a modulation amplitude of 2°C with a period of 40 s. The range of 

heating and cooling scan was between -50°C to 110°C. Based on the cooling cycle, the 

glass transition temperature was determined as the midpoint of the baseline shift. 
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2.2.5.1 Viscosity Measurement 

Viscosity of the solution for wet film was examined by Brookfield DV-II +Pro 

viscometer (Brookfield Engineering, Middleboro, MA) at 20 °C. After the solution was 

prepared, it was immediately added into the equipment, and data was collected after 1 

min of stirring at 200 rpm. 

2.2.6 Analysis of enzyme coatings against solid-state organic stains  

2.2.6.1 Hydrolysis of chicken egg white at solid-state  

The activity of surface-coated protease Subtilisin Carlsberg (SC) against solid-

state substrate was evaluated by spin coating a layer of chicken egg white (CEA) on top 

of the enzyme coating as described in (80). Typically, 2 mL of 10 mg/mL CEA was spin 

coated onto the protease SC-coated plate at 2000 rpm for 1 min under vacuum. A thin 

film coating of CEA was quickly formed within the 1 min spin coating process. The plate 

was then cut into pieces of 1cm × 2cm and was incubated at controlled reaction 

conditions with desired temperature and humidity. Samples were taken periodically and 

washed with 1 mL of DI water under shaking at 200 rpm for 15 min. The washing 

solution was analyzed for changes of content of CEA by using Gel Permeation 

Chromatography (GPC), which was performed with a computerized Shimazu LC system 

equipped with a PL-Aquagel OH mixed column (Polymer Laboratories, USA). DI water 

was used as mobile phase with a flow rate of 1.5 mL/min. CEA and its hydrolyzed 

products were detected at the UV wavelength of 280 nm. The hydrolysis reaction was 

done in triplicates, and the control reaction was conducted following exactly the same 

procedure but with 1 mL of DI water replacing the protein SC solution. The residual 
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amount of CEA was determined from GPC chromatograms and applied for calculations 

of reaction velocity. 

2.2.6.2 HPLC analysis for evidence of amylolytic degradation of starch at solid 

state  

Quantitative analysis of the biocatalytic action against starch stains was done via 

High-Performance Liquid Chromatography (HPLC) (147). Wheat starch solution with 

concentration of 10% w/v was prepared in deionized water and 100 µl of the stain 

solution was applied onto a bioactive coating for a specified period. One alumina panel 

(0.6×76×152 mm3) punched with ten uniform holes (diameter = 0.7 cm) distributed in the 

panel serving as standard stain-applying template to control the size of applied stain 

spots. Subsequently the spots were washed off from the coating panels using 9.9 mL 

deionized water. The washing water was immediately recovered, diluted 100 times 

followed by centrifugation and filtration over NanoSEP filter (Pall, East Hills, NY) with 

a cut-off 30 KDa at 16000 rpm for 1 min, and finally analyzed by HPLC (Varian, Walnut 

Creek, CA). Separation was achieved using a Varian Metacarb 87P (300×7.8 mm) 

column (Varian, Walnut Creek, CA) with HPLC grade water as eluent (flow rate 0.4 

ml/min; 80°C; running time 45 min), analytes were detected via a ELSD (Polymer 

Laboratories 2100 ELSD, Amherst, MA). Calibration was done by using pure 

carbohydrates. 

2.2.6.3 Glucose oxidase assay for determination of glucose 

Glucose oxidase assay provides a sensitive method to detect glucose. A coupled-

enzyme reaction using horse radish peroxidase (HRP) and o-dianisidine was applied 
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(148). Native glucose oxidase (10 µg), the reaction mixture (1.1 ml) contained 7 �g of 

horseradish peroxidase, 0.17 mM of o-dianisidine and 35 �L of HRP (0.4-0.8 unit/ml) in 

50 mM pH 5.1 sodium acetate buffer. The solution contained unknown concentration of 

glucose from starch stains being treated by �-amylase coating was added. The final 

absorbance at 500 nm at room temperature was recorded. Standard calibration curve was 

constructed by using known glucose concentration solutions.  

2.3 Results and Discussions  

2.3.1 General concept of enzyme based self-cleaning SB PU coatings 

 Rigid solvent borne polyurethane (PU) coating was initially explored as the model 

coating system to fulfill the self-cleaning function on a vast of applications, especially on 

the automotive exterior clear coat. The proposed concept of enzyme based self-cleaning 

PU coatings is described in Figure 2-1. Enzyme particulates are supposed to be 

uniformly distributed throughout the coatings, with some enzymes exposed to the outer 

surface for anti-contamination functions. The anti-contamination is enabled instantly and 

directly upon the contact of stains, causing the instant degradation of sticky organic 

molecules and thus weakening the adhesion of stains. By external actions like raining, 

facilitate removal of stains can be achieved.  
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Figure 2-1 Scheme of self-cleaning bioactive coatings 

 

2.3.2 Incorporation of enzymes into 2K SB polyurethane coatings 

2.3.2.1 2K SB PU resin and crosslinker 

 The chosen two component (2K) polyurethane (PU) coatings is mainly composed 

of crosslinker Desmodur N 3600, a low viscosity solvent-free polyfunctional aliphatic 

polyisocyanate resin based on hexamethylene diisocyanate (HDI) and resin Desmophen 

A 870 BA, a hydroxyl-functional polyacrylate resin both supplied in butyl acetate. The 
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physical properties of these two components were listed in Table 2-1. Despite of the 

variety of polyisocyanates used in polyurethane coatings, polyisocyanates based on 

hexamethylene diisocyanate (HDI) represent the most important class of hardeners. HDI 

based PU coatings with polyacrylate as co-reactant generally have excellent chemical, 

abrasion and weathering resistance. Owing to these advantages, this material was chosen 

for the following protein-polymer composites preparation. 

The composite first started from an admixture of the polyacrylate resin, the 

surfactant and the non-aqueous organic solvent, as shown in Figure 2-2. Then an 

aqueous solution containing proteins was added and formed an emulsion by vigorous 

mixing. The emulsion was mixed with HDI based crosslinker to produce the non-

solidified curable composition; and the composition was applied onto panels through an 

8-path wet film applicator and cured to produce the final protein-polymer composite 

materials.  

 

Table 2-1 Properties of two major components of polyurethane coating* 

Property Value A870 N3600 

OH or NCO content (%) 2.95 23.5 

Solids % 70 100 

Viscosity @ 23°C (mPa•s) 3500 1200 

Appearance Clear liquid Clear liquid 

Specific gravity @ 20°C 1.03 1.16 

Hydroxyl number 97 -- 

Weight per gallon, lb. @ 25°C 8.6 9.66 
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Equivalent wt., avg. 576 183 

Flash Point (°C) 77 158 

* Obtained from Bayer Technical Bulletins (www.bayermaterialscience.com) 

 

 

 

Figure 2-2 Standard procedures for the preparation of enzyme PU coatings  

 

2.3.2.2 NCO/OH ratio 
 

One decisive factor to be controlled in the preparation of such two-component 

coating formulations is the ratio between the major two components, as it may have a 
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tremendous impact on the final properties such as glass transition temperature (Tg). 

Following the stoichiometry rules, when the ratio of isocyanate (NCO) to hydroxyl (OH) 

group was adjusted to 1.0/1.0, the optimum polymer molecular weight of the cured 

polymer was reached (134, 149). In the scope of this study certain crosslinking between 

the enzymes surfacial functional groups and crosslinker is desired, consequently an 

excess amount of isocyanate was used (typically NCO/OH=1.2), to compensate the likely 

consumption of isocyanate by enzyme and water added. Details are discussed in Section 

6.3.2.7. 

2.3.2.3 Surfactant 

Moreover, it is ascertained that the efficient dispersion of the enzyme-containing 

aqueous phase within the hydrophobic polymer mixture necessitates a surfactant. Among 

all tested surfactants the polyether modified polydimethylsiloxane based BYK-333 turned 

out as being suitable.  

2.3.2.4 Solvents 

In order to adjust the viscosity solvents were used to dilute the resin before the 

addition of enzyme solution. Due to the adverse effects solvents may exert on the enzyme 

activity, it was necessary to evaluate the impact of inherent solvent parameters like their 

polarity as reflected by the log P value. The log P of a substance is defined as the base ten 

logarithm of the ratio of solubility of the substance in n-octanol to solubility of the 

substance in water (150). A pre-screening of solvents enlisted in Table 2-2 was 

conducted, including acetone, methyl ethyl ketone, ethyl acetate, methyl isobutyl ketone 

butyl acetate, toluene, hexane and isooctane,. The resulting performance of the bioactive 
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coatings is also summarized in Table 2-2. Interestingly there was little impact or no 

impact on the initial surface activity when different types of solvents were used. 

Therefore, it was concluded that their direct influence on enzyme denaturation was 

negligible. But the solvents affect markedly the enzyme’ s thermal stability. For example, 

solvents with log P values ranging from -0.23 to 1.7 came along with a consistent 

increase in the half life time of the incorporated α-amylase at 103°C. However, with 

toluene (log P = 2.5) the thermal stability dropped sharply. At present it was not clear 

what caused the significant difference in enzyme stability. However, it was speculated 

that the effects were due to the solvent capacity to regulate the matrix configuration 

throughout the film by their selective salvation and evaporation properties (133). The 

overall analysis of results implied that butyl acetate was the best solvent, compatible with 

both A870 and N3600 and with no adverse effects on the enzyme during mixing and 

curing.  

Table 2-2 Solvent compatibility with polymer resins and enzyme 

Solvent Log P 
Compatible 
with resins 
swelling 

Initial specific 
activity (Unit/cm2) 

Half life of enzyme 
coating incubated at 103 

oC (h)* 
Acetone -0.23 Yes 1.75 30 

Methyl ethyl 
ketone 0.29 Yes 1.48 59 

Ethyl acetate 0.7 Yes 1.32 75 
Methyl isobutyl 

ketone 1.31 Yes 1.4 93 

Butyl acetate 1.7 Yes 1.7 154 
Toluene 2.5 Yes 1.56 14 
Hexane 3.5 No N/A N/A 

Isooctane 4.5 No N/A N/A 
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Note: �-amylase coatings were cured at 80 oC for 4 hours followed by incubation at room 

temperature for one week. The cured �-amylase coating was subjected to incubation at 103oC to 

evaluate stability of the enzyme in the protein-polymer composites. 

 

2.3.2.5 Screening of hydrolytic enzymes  

 Preliminary screening of hydrolytic enzymes �-amylase, protease and lipase was 

performed. Enzymes with higher specific activity and stability but lower cost are desired. 

The properties of representative hydrolytic enzymes after screening are summarized in 

Table 2-3.  

Table 2-3 Properties of hydrolytic enzymes used for self-cleaning tests 
 

Enzyme Amylase SD 80 Thermoase C160 Lipase A12 

E.C. # 3.2.1.1 3.4.24.4 3.1.1.3 

Organism Bacillus subtilis Bacillus stearothermophilus Aspergillus niger 

Substrate Starch, 
polysaccharide Protein Lipid 

Preferred cleavage 
sites 

Acting at random 
locations along the 

starch chain 

Peptide bonds (-X-Y-) 
containing hydrophobic 

amino acid residues 

1, 3 position of 
triacylglycerol 

Specific activity 
(unit/mg protein*) 988 111.8 NA 

Optimum T (
�

) 70 65-70 45 

Optimum pH 6.0 7.0-8.5 6.0 

MW weight ~64000 ~35000 ~32000 

Inhibitor EDTA, heavy metal 
ion EDTA Orlistat 

Estimate price  
($/kg protein) ~250† ~1000† NA 

Reference (55, 151, 152) (56, 65, 153-157) (158-160) 

* Bradford assay (144) was used to determine total protein and BSA was used as a standard. 
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2.3.2.6 Enzyme purification  

Commercial available enzymes used in this study typically contain 60 to 80% of 

known or unknown impurities. Sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) was used to estimated the size of impurities (154). As could 

be taken from Figure 2-3 SDS-PAGE of commercial �-amylase SD80 and thermoase 

C160, the molecular weights indicated by the bands are around 64 kDa for �-amylase 

SD80 and 35 kDa for TC160, which are in good agreement with literature shown in Table 

2-3. No other larger macromolecules were detected for both enzymes. The vast majority 

of impurities were composed of small molecules e.g. salts, which resulted from the 

production process or were used as additives to stabilize the enzymes (161). Sodium 

chloride (NaCl) was found as one of the prevailing components in both enzymes. In 

preliminary experiments it was shown that the presence of high salt concentrations 

inevitably led to the whitening of the cured coatings when contacted with water. 

Purification of enzymes by ultrafiltration helped to avoid this problem. The ultrafiltration 

was performed to remove low molecular weight contaminates by using membranes with a 

cut-off of 30 kDa (Millipore, Billerica, MA). The purification results were listed in Table 

2-4. The purified enzyme solution was then mixed with A870 and surfactant, prior to the 

mixing with N3600.   
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Figure 2-3 SDS-PAGE of commercial �-amylase SD80 and thermoase C160 

The enzyme formulations were characterized by SDS-PAGE. Three different amounts of 

each enzyme were loaded and resulting bands revealed the expected molecular weight of each 

enzyme, around 64 kDa for �-amylase SD80 and 35 kDa for TC160. No other macromolecule 

impurities (>5 kDa) were found for both enzymes.  

 

Table 2-4 Enzyme characteristics before and after purification 

Enzyme �-Amylase SD 80 Thermoase C160 

MW weight 64000 35000 

Membrane cut-off ( kDa) 30 10 

Protein content before purification (%) 30.9 12.1 

Specified activity before purification 

(u/mg protein) 
988 111.8 

Protein content after purification (%)* 85 81 

Protein yield after purification (%) >95 >95 

Activity loss after purification No loss Slight loss (<10.0%) 

* Bradford assay (144) was used to determine total protein and BSA was used as a standard. 

�-Amylase SD 80  
 2 µg    4 µg    6 µg    
 

Thermoase C160 
 2.5 µg   5.0 µg   7.5 µg    

 

~ 64 kDa 

~ 35 kDa 

Protein 

ladder 
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2.3.2.7 Bioactive solvent borne polyurethane coating formula 

The appraisal of all experiments resulted in the definition of a standard protocol 

for preparation of bioactive coatings with above important parameters determined. The 

final standard formula for 2K bioactive SB PU coating is given in Table 2-5 with a 

typical enzyme loading 5% non-volatile (NV) of the final cured coating. Such coatings 

were used to test the self-cleaning functionalities as discussed in Chapter 4. It is worthy 

to mentioned that based on different applications or interested properties (like better 

release resistance), the coatings can undergo optimization strategies as will be discussed 

in Chapter 6. 

Table 2-5 Formulation of two-component bioactive solvent-borne polyurethane 

coating  

Raw Materials Weight (g) Weight solid (g) Supplier 

COMPONENT I    

Desmophen A 870 BA* 2.1 1.5 Bayer 
Byk-333 (17 w/v % in 

BA) 0.1 0.0 BYK 
Chemie 

BA 0.4 0.0 Sigma 

Enzyme solution* 0.6 0.12  

COMPONENT II    

Desmodur N-3600 0.8 0.8 Bayer 

Total 4.0 2.4  

Formulation Characteristics     

Weight solid (%) 59.5   

NCO/OH Ratio 1.2   

Enzyme NV% 5.0     

* Typical enzyme solution concentration =200 mg protein/mL based on BSA, pH is ~ 

6.7. 
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2.3.3 Curing of the coatings  

Prior to the final curing step, the wet coatings were flashed off at room 

temperature for 10 min. The major purpose is to avoid pinholing effects in the film 

caused by rapid heating (133). The subsequent curing of the non-solidified coating 

mixture delivers the final product, physically owing to the evaporation of organic solvent 

and water; and chemically due to the molecular built-up from the crosslinking reaction. 

The utilized HDI based Desmodur N3600 was designed to have a comparatively low 

reactivity. The reaction was accelerated at elevated temperatures, which allowed to 

control the curing step to a certain extend. However, the applicable temperature range 

needs to be defined since a too high temperature might interfere with the later coating 

appearance as well as exert adverse effects on the enzyme activity. Especially for the 

latter reason the temperature was finally set at 83°C. In the scope of our investigation the 

exposure time was ranged from 0 to 24 h, followed by a week period incubation at room 

temperature. Correlated surface activity of the enzyme coating was displayed in Figure 

2-4. The curing process of no longer than 4 hours at 83 oC followed by 1 week incubation 

at room temperature retained high activity. FT-IR analysis further manifested that NCO 

was nearly consumed as its corresponding peak at 2273 cm-1 reduced to less than 5% 

comparing with the original non-cured one (Figure 2-5). Therefore, a curing for 4 hours 

at 83oC followed by one week incubation at room temperature was sufficient for fully 

cured products. It has to be noted that the curing could be accelerated by the addition of 

trace amounts of catalysts such as dibutyltin dilaurate (162, 163) or zinc octoate (137, 

164).  
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Figure 2-4 Impact of the curing time on surface activity of �-amylase PU coatings  

 

Figure 2-5 FT-IR Spectrum of in-situ curing of 2K SB �-amylase PU wet film 

Note: Polyurethane formation was indicated by a decreasing NCO band at 2,273 cm-1 
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Following the standard coating preparation procedures (Figure 2-2) with given 

conditions, enzyme was introduced into the 2K SB PU systems in the form of emulsified 

aqueous solution droplets. Several competing routes were proposed for agents in both 

phases to react with polyisocyanate (Figure 2-6) (134), namely, the reaction between 

water and the polyisocyanate (Scheme 1) to form water and unstable carbamic acid which 

immediately decomposes to carbon dioxide and amine; the urethane forming reaction 

between the polyisocyanate with the polyester (Scheme 2) which is responsible for most 

of the molecular weight build-up; and the crosslinking reaction between polyisocyanate 

with the enzyme in aqueous solution droplets, typically the amine groups on the amino 

acid residues located on the enzyme surface (Scheme 3). As seen from Figure 2-7, for 

instance, �-amylase exposes 14 lysine groups on the surface for possible covalent binding 

with polyisocyanate. As inferred from (165, 166), isocyanate has a higher reactivity with 

amine than hydroxyl. Therefore, the order of these reaction schemes under standard 

formulation is: Scheme 3>Scheme 1>Scheme 2. It is important to know to which extent 

the enzyme molecules are accessible for reaction with the polyisocyanate, and how this 

reaction itself can be promoted. A hypothetical model was postulated herein that could be 

used as starting point for a directed optimization of the incorporation process as well as 

for the development of new incorporation methods (Figure 2-8). Unlike isocyanate used 

in water-borne (WB) formula where isocyanurate trimer of hexamethylene diisocyanate 

(HDI) is modified with low content of hydrophilic polyether, HDI used in solvent-borne 

system is poorly water-soluble that it remains in solvent, separated from emulsified 

aqueous enzyme droplets. With this regard, even isocyanate has higher reactivity with 
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amine than hydroxyl group; only a few enzyme molecules directly present at/in the 

interface are possible to be crosslinked with polyisocyanate (Scheme 3). Therefore the 

overall dominant reaction is between resin and crosslinker in the organic solvent (Scheme 

2).  

 

Figure 2-6 Reactions between polyisocyanate and active hydrogen containing co-

reactants in 2K SB PU coating formula in the presence of enzyme 
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Figure 2-7 Three-dimensional structure of the monomeric �-amylase from Bacillus 

subtilis  

Note: Ideally, approximately 14 lysine residues can be found on the enzyme surface that 

may react with isocynate.  

 

Figure 2-8 Hypothetic model of emulsified enzyme droplets in 2K SB PU wet film 
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Note: Droplets of enzyme aggregate rather than single enzyme molecule are distributed in 

the polymer phase bulk. 

 

The crosslinking between enzyme molecules and polymeric matrix (Scheme 3) 

largely relies on the amine available at the interface of aqueous solution droplet and 

organic solvent. In accordance with the model, it was speculated that a better 

emulsification at the beginning can result in a decrease of the aggregate size and thus 

more surface would be exposed, allowing more enzyme molecules to become 

crosslinked. Further discussion on promoting crosslinking between enzyme and 

crosslinker and on achieving smaller enzyme aggregate size and better distribution, will 

be address in Chapter 6. 

 

2.3.4 Localization of the enzyme in PU coatings 

2.3.4.1 Investigation of �-amylase and its distribution in the dry film 
 

After curing, a reduction of ~70% in coating thickness was observed for the final 

dry coating. Both laser-fluorescent confocal structural analysis (CLSM) and scanning 

electron microscopy (SEM) verify the similar formation of dispersed particles (Figure 

2-9), ranging from sub-micron to several micrometers. The sphere particles were 

speculated as �-amylase agglomerate, which was confirmed by EDX (Figure 2-10), by 

comparing the elemental ratios of C/N with C/O. Intensities of elements N and O of 

spherical particles and matrix picked up in the cross-section were normalized with respect 

to the intensity of element C to calculate elemental ratios. It was elucidated that both C/N 
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(4.02+0.59) and C/O (3.70+0.24) ratios of particles are very close to the ratios of free �-

amylase (C/N 3.48+0.31, C/O 4.52+0.61), while the ratios at matrix are significantly 

higher (C/N 8.43+1.69, C/O 7.66+2.32), resembling similar values as the control blank 

PU (C/N 7.71+0.05, C/O 8.09+0.96). Therefore, the enzyme particulates are clearly 

confirmed and they are quite homogenously distributed within the 3-D polyurethane 

polymeric network. As shown in Figure 2-9f, some spheres appear to be exposed to the 

polymer-air interface, presumably contributing to highly activity biocatalytic function for 

the degradation of biological stains that would cause surface contamination. On the other 

hand, most of enzyme enzymes are embedded in bioactive polyurethane coatings that 

could be served as “ reservoir”  for self-cleaning function as will be discussed in Section 

4.2.4.  

 

Figure 2-9 Enzyme distribution in 2K SB PU coatings 
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In fully cured solvent-borne coatings enzymes are present as spherical aggregates 

throughout the coating as confirmed by CLSM after labeling the enzyme with Oregon Green™ 

488 at both Z direction (a) and X-Y direction at different thicknesses of the coatings (b-d). It was 

also confirmed by SEM analysis at both cross-section (e) and surface (f). The figures (a-d) were 

obtained by Wei Song (167). 

 

 

Figure 2-10 Identification of particles as enzyme agglomerates and matrix as PU 

coating by Quantitative SEM-EDX  
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Quantitative SEM-EDX analysis further verified spheres as �-amylase and matrix as 

polymer based on elemental ratio of C/N or C/O. Intensity of elements N and O were normalized 

with respect to the intensity of C to calculate elemental ratio.  

 

Figure 2-11 provides a closer look at the features of voids and particles when 

enlarged, to examine possible crosslinking between enzymes particles and matrix from 

physical formation. Some sticking-outs are observed remained in the vacant void space 

(Figure 2-11b) and some “ matching”  dents at the surface of particles (Figure 2-11c), as 

indicated by arrows. These might be clues as “ linkages”  between polymer matrix and 

enzyme aggregates, although so far it has not been directly verified. Attention needs to be 

paid on the formation of smaller particles inside the large ones, as indicated in Figure 

2-11b. Since the evaporation rate of water is much slower than butyl acetate, during 

curing some regional area in the coating water-in-oil dispersions might turn into oil-in-

water dispersion when solvent gets depleted, causing the formation of smaller particles. 

Despite the facts that the particles are throughout the coatings and that enzyme itself is 

hydrophilic, little changes of the specific surface activity were observed at the variance of 

coating thicknesses, indicating the enzyme coating activity only took place at the surface. 

That is because of the dense and rigid structure possessed by polyurethane matrix, large 

substrate (starch) molecules are prevented from further penetration for reaction (Figure 

2-12). 
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Figure 2-11 Features of enzyme particles distributed in the PU coatings 

Following the standard procedures fully cured solvent-borne coatings had enzyme �-

amylase present as spherical aggregates inside the coating as confirmed by SEM characterization 

of coating cross-section (a). A closer look to (a) revealed that some apparent “ linkages”  between 

void space in polymeric matrix (b & c). In (b) the cross-section of enzyme particles also 

manifested the presence of smaller particles.  
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Figure 2-12 Relative surface activity of dry �-amylase coatings with different 

coating thicknesses 

 

Besides SEM characterization, the other evidence of enzyme crosslinking with 

polymer could be deduced from FT-IR monitoring (134) (Figure 2-13). Slight difference 

in the curing speed was observed between enzyme containing and blank coating (Figure 

2-13a). During the curing process, NCO peak in enzyme coatings tended to deplete faster 

than blank PU coatings under same conditions, which could be explained by that 

isocyanate groups do react with amine groups of enzymes during curing. Possibility of 

crosslinking is verified by mixing enzyme solely with crosslinker N3600. The NCO 

consumption rate was considerably promoted in the presence of enzyme than that without 

(Figure 2-13b).  
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a. 

 

b. 

 

Figure 2-13 Consumption of NCO in the course of curing monitored by FTIR 
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a) Relative NCO peak area ratio of enzyme PU coating ( ) and that of enzyme-free PU 

coating ( ). The former was decreased faster than the latter.  

b) Relative NCO peak area ratio of crosslinker Desmodur N3600 with enzyme solution 

( ) and that with DI water ( ). This control experiment indicates possible reaction 

between enzyme and N3600.  

 

2.3.4.2 Investigation of TC160 and its distribution in the dry film 
 

Incorporation of second enzyme TC160 into 2K SB PU was also investigated, 

following similar emulsion-polymerization procedure. Purified �-amylase could be 

completely dissolved in the aqueous solution, whereas purified TC160 tended to form 

hexagonal rod-like polymorphic crystals in the solution at near neutral pH (Figure 

2-14a), with an average size of 20 x 1.5 µm. Crystallized thermolysin was also reported 

(168, 169), though the understanding of the crystallization is still not sufficient so far. It 

was assumed that the formation of crystals proceeded at large supersaturation ratio (e.g. 

the initial supersaturation ratio at enzyme concentration of 200 mg/mL is as large as 1255 

that is sufficient to cause crystallization) through two steps: formation of primary 

particles and crystal growth on the primary particles (168). In the resultant dry PU 

coatings particulates with irregular shapes were observed (Figure 2-14b), possibly 

because protease precipitated immediately at the second step when mixing with the 

polyacrylic resin. Stronger shear forces provided by AR-250 mixer (rotation at 2000 rpm 

and revolution at 800 rpm) successfully reconstructed the irregular particles into spherical 

entities (Figure 2-14c). Similarly, EDX confirmed the particles were TC160 by 

comparing elemental C/N ratio between particles and matrix (Figure 2-15). To verify the 
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reliability of EDX method itself, coating with pure protein BSA was also investigated. 

Similarly, spherical particles as BSA agglomerates were formed and their C/N ratio are 

obviously different from matrix. Quantitative EDX results of protein containing PU 

coatings are summarized in Figure 2-16. Consequently, EDX analysis was proved to be a 

reliable method for identification; and particles as protein aggregates and matrix as PU 

polymer are unambiguously differentiated from each other. 
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Figure 2-14 Characterization of purified TC160 before and after incorporation into 

the 2K SB PU coatings 

 
a) Purified TC160 exhibits hexagonal rods rod-like crystals with size around 20 x 

1.5 µm at initial concentration of 200 mg/mL with a supersaturation ratio of 

~1255 at pH 6.4. 

b) Purified TC160 SB PU coating prepared by a mechanical stirrer, at a normal 

stirring speed of 2000 rpm; 
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c) Purified TC160 SB PU coating prepared by AR-250, at a rotation speed of 2000 

rpm and a revolution speed of 800 rpm. 
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Figure 2-15 Quantitative SEM-EDX analysis of TC160-containing PU coating 

a. SEM figure of TC160-containing PU coating 

b. A typical spectrum of elements C, N, O at a particle (left) and at bulk PU matrix (right) 

c. Elemental ratios C/N, C/O and N/O for particles (left) and PU matrix (right) 

 

 

Figure 2-16 C/N elemental ratios of protein-containing PU coatings 

Note: Three types of protein-containing SB PU coatings were analyzed and summarized 

in Figure 2-16, �-amylase, TC160 and BSA, following similar method as indicated in Figure 

2-10 and Figure 2-15. Particles in these coatings ( ) and polymer matrix ( ) were analyzed. 

Red band indicates the range of C/N ratio of a blank PU, whereas green band indicates the range 

of C/N ratios of these three free proteins. By examine C/N elemental ratios, particles in all the 

tested protein-containing coatings have similar C/N ratios, which are in the range of green band 

of free proteins. They are also close to theoretical values obtained from their amino acid sequence 

(dot red lines). Matrix of tested protein-containing coatings, on the other hand, has significant 

higher C/N ratios, similar as PU only (red band).  
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2.3.5 Proof of underlying biocatalytical principle for solid-state self-cleaning 

2.3.5.1 Hydrolysis of chicken egg white at solid-state 

Typically the surface activity of enzyme containing coatings was determined by a 

biochemical approach, which measured how fast the immobilized enzyme catalyzes the 

conversion of substrate or the generation of products. This does not directly reflect the 

“ self-cleaning”  capability in the absence of bulk water. A straight forward approach is to 

apply the suitable stains onto the surface coatings and the effects are illustrated by faster 

removal of stains by simple rinsing or washing, comparing with corresponding controls. 

Previous study (80) showed that, even in the absence of a bulk liquid phase, the surface-

coated protease Subtilisin Carlsberg (SC) was able to the hydrolysis of solid-state egg 

white (Figure 2-17), the observed solid-solid-state catalysis was also sensitive to the 

changes of humidity and temperature. Such a finding proves the concept of solid-solid-

state hydrolysis reaction by protease functionalized surface. In addition, we further 

investigated the solid-solid-state hydrolysis performed on �-amylase functionalized 

surface. 



 

 55 

 

Figure 2-17 GPC chromatograms of the hydrolysis reaction of chicken egg albumin 

(CEA) catalyzed by protease SC.  

 Note: Reaction time was 94 h. Figure was reprinted from (80) 

 
 

2.3.5.2 Hydrolysis of starch at solid-state 

Wet starch stains (10% w/v in DI water) was applied onto the �-amylase 

functionalized coating surface, using an enzyme-free blank coating as control. The 

bottom layers of the stains were subsequently collected and diluted with DI water. 

Components with molecule weight larger than 30 kDa (including enzyme �-amylase) 

were instantly removed and the filtrates were analyzed with higher performance liquid 

chromatography (HPLC). HPLC chromatograms shows that starting from the original 

single peak of the macromolecular starch before contacting with the surface (Figure 

2-18a, retention time at 10.3 min), fractions of small molecules consisting of peaks with 

retention times of 15-20 min eventually emerged, corresponding to the degraded starch 

products until the final product glucose shown at the retention time of 20.3 min. The 

Protease SC bioactive coatings 

BSA coating 

Polystyrene plain plate 

CEA   Hydrolysis products  

Retention time (min) 

4            6            8           10         12 
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molecular size of the emerged fractions decreased as a function of stain-coating contact 

time. The other parallel experiment was also carried out to monitor the formation of 

glucose using glucose oxidase (GOx) assay (Figure 2-18b) (170). It was confirmed that 

glucose formation was increased with stain-coating contact time. The glucose amounts 

agreed well in both HPLC chromatogram and GOx assay (Figure 2-19). Consequently, 

similar concept of solid-solid-state biocatalysis is verified. 

 

 

a 
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Figure 2-18 Characterization the hydrolysis reaction of starch paste by enzyme 

coating in the absence of bulk water  

a. The activity of bioactive coating surface was probed by using HPLC analysis of the 

starch stains contacted with the coating carrying �-amylase for different duration (0 – 90 min). 

Detached stains were re-dissolved in water and filtered (Mw cut-off 30 kDa), with the filtrates 

analyzed with HPLC. The amounts of starch degradation products increased with contact time as 

indicated by the portion of peak area in the retention time window between 10-20 min. Standards 

of pure carbohydrates proved the formation of hydrolyzed starch products from oligo- and 

polysaccharides with various degree of polymerization (171) to final product, glucose (DP=1). 

b. The principle of glucose oxidase (GOx) assay for quantitative determination of glucose 

amount. Glucose (DP=1), as the final hydrolysis products by �-amylase, would be the substrate 

for GOx. 

b Glucose 
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Peroxidase 
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Figure 2-19 Glucose release amount from hydrolysis of starch paste determined by 

HPLC and GOx assay  

Released glucose amount from hydrolyzed starch stains (spot size diameter=0.7 cm) on 

the same coating, determined by HPLC ( ) and GOx assay ( ), respectively.   

2.4 Conclusions 

The standard protocol for enzyme coating preparation was developed in this 

chapter by direct dispersion of enzyme into hydrophobic PU coating formula. Further 

investigation illustrated that the enzymes disperse quite uniformly as micron particles 

throughout the coating. Part of enzymes located at the surface provides a highly active 

surface. The feasibility of self-cleaning hydrolysis on the highly active surface in the 

absence of bulk water was verified by two distinct solid-solid hydrolysis reactions. The 

concept of self-cleaning was proved in lab conditions, but is a great leap towards the real 



 

 59 

applications of such highly bioactive coatings. More of these will be addressed in Chapter 

4.  

3 BIOACTIVE THIN FILM COATINS BASED ON 

POLYACRYLAMIDE ENTRAPPED ENZYMES  

3.1 Introduction 

In spite of generally inherent labile and fragile for biological matters, extremely 

stable rare cases do exist. Spores, for instance, are highly resilient and capable of 

withstanding a variety of hostile conditions such as heat, radiation, desiccation, chemical 

substances and solvents, even conditions in the depths of interstellar space. The sensitive 

life code DNA can be transformed through these inhospitable conditions. Although what 

caused such exceptional stability was still arguing, the way how DNA strictly packed in 

the confined cage in the spores with armor-like multilayered shell is believed to be one of 

major contribution (172, 173). Such confining effects on stabilization of biological 

matters in a small inter space or with other crowded macromolecules have been verified 

and used to protect delicate structure such as an enzyme (174, 175). For instance, by 

matching of sizes between the enzyme molecule and the pore diameter of the silica 

mesoporous materials (88, 176, 177), great enhancement on enzyme stability was 

observed. An increase of 32oC in melting temperature has been reported for �-

lactalbumin when confined in the silica glass pores (178). Of similar concept is the work 

carried by Kumar and Chaudhari who stabilized protein between two close parallel layers 

of �- zirconium rather in the pores (179).  
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Above mentioned were all started from rigid inorganic materials, thus, one might 

question the approach itself. Does the initially rigid pore matrix can provide “ geometrical 

congruence”  dictated for favorable folding of most of enzymes? It seems even not 

possible, as questioned by Klibanov, if two quite rigid and complex structures like 

enzyme and support are considered (30). Indeed, as reported (178), the rigid silica 

structure impeded almost completely the folding freedom of proteins, exerting 

unpredictable effects on protein stability. As a consequence, some proteins such as �-

lactalbumin had exceptional stabilization, whereas others were destabilized, e.g. 

apomyoglobin.  

We have assumed that it was still possible to create a geometrical fit spatial 

confinement between enzyme and support at molecular level for enzyme stabilization. A 

key point would be the selection of appropriate support which would be soft and flexible 

during enzyme incorporation, but gradually increase rigidity for possible intense, but 

non-distorting, confinement. On this basis, hydrophilic polymer polyacrylamide gel 

(PAG) compatible for almost all the proteins seems fit for the criteria. PAG is a three-

dimensional polymeric network that swells and becomes soft when contacting with water 

but is itself insoluble. Because PAG is of great ease to make and their pore sizes are of 

nanometer dimension, close to most of enzymes’  dimension. The flexible matrix of PAG 

is generally accepted being a good mimic natural environment, fully compatible with 

proteins without disturbing their structure as shown by everyday use in SDS-PAGE 

(180). Although lots of papers have been reported to use PAG to entrap enzymes and to 

increase the stability (180-188), they were mainly focusing on the stability brought at wet 
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PAG enzyme while omitting the advantages possible from the dry PAG. Upon 

dehydration, PAG shrinks from soft matrix to hard shell, providing the possible routes for 

matrix to shrink in a mode of “ induce-fit”  for specific protein. Here we have been able to 

demonstrate the effectiveness of the approach by using two different enzymes, glucose 

oxidase (GOx) and �-chymotrypsin (�-CT). They are distinctly different in the molecular 

structure. GOx is a dimer of two identical subunits with a molecular weight of 160 kDa 

containing two redox cofactor flavin adenine dinucleotide (FAD) molecules tightly bound 

to the enzyme (189). �-CT, on the other hand, is a single chain digest enzyme with a 

much smaller molecular weight of 22 kDa (190). The enzymes were added with 

hydrophilic polymer precursor prior to the polymerization, to achieve conceivable 

homogenous entrapments that hydrophobic polymer systems generally can’ t afford. Then 

the resultant swollen gel with enzymes was undergoing the annealing process to final dry 

PAG which had comparable matrix cage for enzyme confinement. We report here the 

exceptional stability achieved by annealed dry PAG-enzymes against various extremely 

hostile conditions (e.g., high temperature from 80oC to 130oC, presence of organic polar 

solvents, or combined). In order to assess the effects and mechanism of confinement on 

enzyme stability, we have followed the study of enzyme inactivation, SEM 

characterization and spectroscopic measurement, thermo-mechanical analysis. The study 

will be beneficial for the fundamental understanding of enzyme stabilization at highly 

compatible polymer systems, and the results obtained will be directed for further 

improvement in other thin film or coatings. 
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3.2 Materials and methods 

3.2.1 Materials 

Acylamide/Bis solution and NNN’N’-tetramethyleethylenediamine (TEMED) 

were the products of Bio-Rad Laboratories, Hercules, CA, U.S.A. D-(+)-glucose, �-

chymotrypsin (�-CT) from bovine pancreas (EC 3.4.21.1), glucose oxidase (GOx) from 

aspergillus niger (EC 1.1.3.4), peroxidase (HRP) from horseradish (EC 1.11.1.7), n-

acetyl-L-phenylalanine ethyl ester (APEE), o-dianisidine, dimethylsulfoxide (DMSO), 

Bradford Reagent, HPLC grade ethanol, methanol and hexane, as well as n-succinyl-ala-

ala-pro-phe p-nitroanilide (SAAPPN) were obtained from Sigma Chemical Co., St. 

Louis, MO, U.S.A.. n-Propyl alcohol (n-PrOH, HPLC grade) was obtained from EM 

(Gibbstown, NJ). Unless specially mentioned, all other reagents and solvents used in the 

experiments were of the highest grade commercially available. 

3.2.2 Preparation of enzyme entrapped polyacrylamide gel 

Unless specified, the entrapment of GOx into polyacrylamide gel (PAG) was 

performed as the following procedure: a solution of 2 mL sodium phosphate buffer (0.1M 

pH 7.0) containing 5 mg of GOx was mixed with 6.8 mL of acylamide/bis solution (total 

monomer concentration 30% (w/v) and cross-linker concentration 5% (w/w) based on the 

monomers) and 1.2 mL of DI water to make 10 mL of gel solution with a total monomer 

concentration (%T) 20% (w/v) and a cross-linker concentration (%C) 5%(w/w). The 

polymerization was initiated by adding 100 �L of freshly prepared ammonium persulfate 
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(10% w/v in DI water) and 4 �L of TEMED at room temperature, and then the mixture 

was immediately cast between two glass enclosures (8.3cm×7cm×0.075cm) purging with 

nitrogen. At least 4 hours was needed for complete gellation for both blank and enzyme-

entrapped gels. The resulting gel plates from the glass enclosures were punched into 

small discs with a uniform diameter of 16 mm for further reproducible measurements.  

Unless specified, the entrapment of �-CT into polyacrylamide gel was performed 

similar procedure except that %T was adjusted to 28% (w/v) and enzyme solution was 

prepared using pH 7.5 50 mM sodium phosphate buffer.  

To remove the unentrapped enzymes and unreacted monomer residues, the 

resultant gel discs were successively washed 3 times for 1 day with 100 mL of sodium 

phosphate buffer (0.1 M pH 7.0), and then stored at room temperature for further use.  

3.2.3 Hydrogel annealing 

The dehydration pretreatment method could be applied for the resultant fresh 

hydrogel discs to make highly stable PAG-enzymes by simple incubation in the oven 

under specific temperatures. Preferably, the fresh hydrogel discs were placed into a Petri 

disc then incubated in the oven at 80oC (PAG-GOx) or 55 oC (PAG-�-CT) for 24 hours. 

Then the resultant dry hydrogel discs were removed for further tests.  

3.2.4 GOx activity assay   

Before every activity test, the gel discs were immersed into DI water for at least 2 

hours to reach the fully swollen state. For the determination of the activity of GOx, a 

coupled-enzyme reaction using horse radish peroxidase and o-dianisidine was applied 
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(148). For the native enzyme, the reaction mixture (1.1 ml) contained 0.1 mol of glucose, 

7 �g of horseradish peroxidase, 0.17 mM of o-dianisidine and 35 �L of enzyme (0.4-0.8 

unit/ml) in 50 mM pH 5.1 sodium acetate buffer. The increase in absorbance at 500 nm at 

room temperature was recorded for activity calculation.  

The activity assay with gel-entrapped GOx was conducted in 20 mL vials. A gel 

disc with known weight was added to 20 mL of 0.1M glucose solution containing 0.14 

mg of horseradish peroxidase and 1.1 mg of o-dianisidine. The time course of the 

reaction catalyzed by the entrapped GOx was obtained spectrophotometrically at room 

temperature by measuring the absorbance at 500 nm of 1 mL of aliquots from the 

reaction mixture taken at specific time intervals. 

3.2.5 Activity assay of �-CT  

Aqueous activity determination of �-CT was followed the reference (18). For 

native enzyme, in a cuvette 50 �L of enzyme solution (1mg/ml) was mixed with 2.44 mL 

of SAB and 13 �L of 160mM SAAPPN stock solution dissolved in DMSO. The reaction 

rates were determined by monitoring the absorbance at 410 nm. For immobilized 

enzyme, the activity was measured through the same reaction in 20 mL of vials with 

4.975 mL of SAB and 25 �L of 160 mM SAAPPN stock solution. The reaction was 

initiated by the addition of gel-entrapped enzyme with stirring at 200 rpm. Aliquots of 1 

mL each were taken periodically and recombined immediately after measuring the 

product concentration using UV absorbance at 410 nm.  
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3.2.6 Leakage behavior  

To ascertain the non-leachable character of enzyme entrapped in the hydrogel, the 

leakage investigation was performed in the following way during activity assays. Take 

GOx for example, at a specific time, the gel disc with PAG-GOx was taken out from the 

reaction mixture for several min and then was immersed back into the reaction vials. 

Such a procedure could be repeated for 3 times. The absorbance of bulk solution with gel 

and without gel was detected by UV-Vis every min at 500 nm. Similar procedures were 

applied to PAG �-CT during �-CT assay. 

3.2.7 Characterization of hydrogels with different T% via SEM  

Characterization experiments of swollen gel and annealed dry gels were 

performed in a Hitachi S-3500N VPSEM (Mahwah, NJ). For swollen gel, following the 

method described in (191), it was undergone a freeze-dried process at very low 

temperature to sublime the water from its pores without disturbing its structure by 

shrinking. The gel disc was first mounted vertically on a SEM stub with glue and then 

fractured in liquid nitrogen at a temperature as low as -195°C for 4 hours. The cross-

section and surface images of the fractured polymer were sputtered with Au-Pd and then 

taken at various magnifications.  

3.2.8 Kinetics of thermal denaturation  

Kinetic and thermodynamic parameters for irreversible thermal denaturation of 

enzyme in native form and PAG were determined by incubating the dry native enzyme 

and PAG- GOx at a particular temperature for different periods. Both native enzyme and 
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PAG-GOx were assayed for enzyme activity at 25°C. This procedure was repeated at 

different temperatures ranging from 60 to 110°C. The data were fitted to first order plots 

and analyzed (192). The thermodynamic parameters for thermostability, as depicted in 

the following equation (1) to were calculated by rearranging the Eyring’ s absolute rate 

equation derived from the transition state theory as described by Siddiqui et al (193). 

d

k

EE
d

→                                                            (1)    

Here, E is the active enzyme state, Ed represents the totally inactivated enzyme, 

and kd is the first-order inactivation rate constant. The temperature dependence of kd was 

analyzed from Arrhenius plot (natural logarithm of kr versus reciprocal of the absolute 

temperature); the activation energy (Ea) was obtained from the slope of the plot. 

Activation enthalpy (�H*) was calculated according to the equation (31, 194):  

RTEH a −=∆ *

                 (2) 

where R = universal gas constant, and T is the absolute temperature.  

The values for free energy of inactivation (�G*) at different temperatures were 

obtained from the equation:   

)/ln(* kThkRTG d−=∆                               (3) 

where h is the Planck constant and k is the Boltzmann constant. 

Activation entropy (�S*) was calculated from equation: 

TGHS /)( *** ∆−∆=∆                                    (4) 
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3.2.9 TGA for determination of water content in hydrogel 

At 5-20 mg sample of the annealed PAG-enzymes made as above was placed in a 

platinum pan and tested on thermogravimetric analyzer (TGA Q500, TA Instruments-

Waters LLC, New Castle, DE, USA). The samples were heated from 20oC to 100oC at 

5oC/min and kept isothermal at 100oC for 60 min, then heated from 100oC to 120oC at 

5oC/min and kept isothermal at 120oC for 60 min, following by another heating process 

from 120oC to 800oC at 5oC/min and kept isothermal at 800oC for 30 min. The bulk water 

amount in the gel with similar properties as pure water was determined as weight loss 

before the second ramping step from 100oC to 120oC.  

3.2.10 DSC for determination of enzyme melting temperature in PAG 

At 5-20 mg sample of the annealed PAG-GOx (2% enzyme loading) made as 

above were placed in a nonhermetic pan and tested on differential scanning  

calorimeter (DSC) (DSC Q100, TA Instruments-Waters LLC, New Castle, DE, USA). 

Annealed blank PAG, dry native GOx, annealed blank PAG together with 1-2% GOx 

were served as controls. The samples were heated from -20oC to 175oC at 1oC/min. 

Endothermic peaks for the phase transition of the melting temperature of enzyme were 

analyzed by TA Instrument's Universal Analysis program. 

3.2.11 PAG enzyme as non-aqueous biocatalyst 

The transesterification activity in organic solvents was measured at room 

temperature using �-CT in hexane or isooctane containing APEE (concentration ranged 

from 2.5 to 30 mM) and 0.5 M of n-PrOH with tiny adjusted amount of water (18). 
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Typically 5 mg of native �-CT powder was added to 10 mL of reaction solution to initiate 

the reaction. For PAG-�-CT, 1 disc (70 �g of �-CT) was added into 10 mL of reaction 

solution. The reaction system was shaken at 200 rpm. The native enzyme was removed 

by filtration using a 0.22 um PTFE syringe filter following centrifugation for 5 min at 

13,000 rpm. For the entrapped enzyme reaction system, centrifugation for 5 min was 

adopted during sample preparation. The product concentration was monitored by using a 

gas chromatograph equipped with a FID detector and a RTX-5 capillary column (0.25 

mm × 0.25 �m ×10 m, Shimadzu). A temperature gradient from 100 to 190 °C at a 

heating speed of 20 °C/min, followed by 5 min retention at 190 °C was used. The 

injection temperature column was kept at 210 °C whereas the detector temperature was 

280 °C. Aliquots of 100 �L for GC analysis were taken periodically from the organic 

phase during the reactions. The initial reaction rate for the formation of n-acetyl-L-

phenylalanine propyl ester (APPE) was calculated using data collected.  

3.2.12 Storage stability in the solvents at different temperatures   

Commonly used solvents with different dielectric constants were chosen for PAG-

enzyme at different temperatures. The PAG-enzyme was incubated in solvents for a 

specific period and then the solvents were removed by blowing nitrogen. The hydrolysis 

activity or transesterification activity of PAG-enzyme was carried out according to the 

standard protocols described above. The relative activity was calculated based on the 

initial activity of each sample.  
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3.3 Results and Discussions 

3.3.1 Preparation of enzyme entrapped thin films 

Hydrogels such as PAG usually provide pores large enough for protein molecules 

to migrate, as utilized in SDS-PAGE. Typical pore sizes of wet PAG are a function of the 

amounts of crosslinker and monomer. Small pores in the order of nanometers are desired 

in this work, as that not only retain the enzymes well in the gel networks, but also help 

the enzyme to distribute evenly at a molecular level throughout the polymeric networks. 

In the case of proteolytic enzymes, the molecular level distribution in separate matrix 

might also help to prevent autolysis. The pore size decreases as the total monomer 

concentration (T%) increases (with a fixed degree of crosslinking). In previous studies by 

using linear DNA fragments as the probe molecules, it was estimated that wet PAG pore 

sizes in the range of 26.0 – 21.4 nm can be achieved for hydrogels prepared with T% 

controlled in the range of 20-28% (w/v) when the degree of crosslinking (C%) was fixed 

at 5% wt (195, 196). Herein we used leakage tests (Figure 3-1) to determine an effective 

T% for a specific enzyme that denoted a critical concentration below which the enzyme 

will leak from the gel at wet state. Figure 3-1 depicts a typical reaction time course for 

PAG-GOx with T% as 20% and C% as 5%. Reaction stopped upon removal of the PAG-

GOx and was resumed immediately upon the addition of the gel back to the reaction 

solution. Such a test indicated no leaking of the enzyme from the gel. Gels prepared with 

lower T% concentrations (with the same C%) would provide larger pores and eventually 

allow enzyme leak from the gels. Critical total monomer concentrations, below which 

enzymes will leak from the gels, were then determined using this method for enzymes of 
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different molecule sizes, including �-CT (22 kDa), CPO (42 kDa), HRP (44 kDa) and 

GOx (160 kDa). The critical T%, as a function of enzyme molecular size, for a larger 

dimer molecule GOx was 20%, while that was 28% for a smaller monomeric enzyme �-

CT (Figure 3-2).   

 

 Figure 3-1 GOx activity assay time course with PAG-GOx (T% = 20%) 

Note: The absorbance at 500 nm (A500) was recorded in the presence of gel-GOx (♦) and 

when the gel was removed from the solution (-). Blank gel was used as control (O).  
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Figure 3-2 Critical total monomer concentration as a function of enzyme molecular 

size preventing enzyme leaching from gel  

 Note: Enzymes examined include �-chymotrypsin (22 kDa), chloroperoxidase (42 kDa), 

horseradish peroxidase (44 kDa) and glucose oxidase (160 kDa). 

 

The SEM figure (Figure 3-3a) illustrates the cross-section of PAG with 0.2% 

GOx at swollen state obtained under freezing dry condition. It reveals the matrix network 

configuration, although pore sizes (~100 nm) are apparently larger than 26.0 nm as 

estimated (195, 196) at 5%C and 20%T. Additional experiments results also exhibited no 

autolysis reaction for swollen PAG-�-CT (%T=28%) when incubated in DI water for a 

period as long as three months at room temperature, which implied that enzyme 

molecules were separately distributed in pores thus autolysis was prohibited. 
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Figure 3-3 Spatial confinement of enzyme in annealed PAG  

(a) Swollen soft PAG-GOx (0.2% dry weight) at the wet state; (b) Shrunk PAG-GOx 

(0.2% dry weight) after annealing at 80 oC oven for 1 day; (c) Shrunk PAG after annealing at 

80oC oven for 1 day; (d) Scheme of spatial confinement of PAG-enzyme. 

 

3.3.2 Annealing process for spatial confinement 

The annealing process was accompanied by gel shrinkage, a mechanism to further 

encage enzyme molecules within the gel. As seen from Figure 3-5, by water evaporation 

at 80oC for 1 day, the annealed gels (T% = 20%) shrank by 82.9+0.3% in volume and 

79.7%+0.6% in weight. The shrinkage was almost completed within 30 min though the 

process extended for 24 hours. The final water content was studied by examining the 

function of %wt loss vs. temperature of PAG-enzyme composite using TGA (Figure 
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3-4). The temperature was kept isothermal for 60 min to determine the bulk water 

content. The first minor peak of derivative weight indicates the water content was about 

0.3% (the loss of weight no greater than 100oC).  

Similarly it shrank by 80.7+0.1% in volume and 75.5%+1.6% in weight for 

annealed PGA-�-CT with T% = 28%, and the final water content was about 0.66%. When 

temperature was increased, two-stage decomposition was occurred in the temperature 

range 210-320°C and 320-500°C. TGA analysis of enzyme samples and polymer samples 

indicated the first stage was mainly the decomposition onset of enzyme and polymer 

matrix that had less crosslinking degree, while the other stage was mainly the 

decomposition onset of bulk polymer.  
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�

Figure 3-4 TGA thermograms of PAG-enzyme composites  

(a) 20%T PAG-GOx (0.2% dry weight); (b) 28%T PAG-�-CT (0.2% dry weight)  

Note: both PAG-enzyme composites were annealed at 80oC for 24 hours prior to TGA 

analysis. Procedures of TGA protocol was described in Section 3.2.9.  

 

 At dry state the gels should maintain such a confined layout in organic media and 

thus further retain and stabilize the enzymes. Upon applied into aqueous media, however, 

the gels would swell back to the volume of about the same size as they were first 

prepared. Typical time courses of swelling are shown in Figure 3-6. Even at the re-

swollen state, since the pore size of the gel are only comparable to the enzyme molecules, 

the chance of enzyme migration and leaking via molecular diffusion is negligible, as 

confirmed in additional leaching experiments. On the contrary, solutes with smaller 
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molecules are allowed to diffuse through the matrix for contact with enzymes, thus the 

activity can be evaluated. 

 

Figure 3-5 Shrinking time courses of PAG-GOx (T%=20%) at 80˚C  

 Note: The volume ratio ( ) was based on the volume of the dry gel discs, so was weight 

ratio ( ). 
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Figure 3-6 Swelling time courses in DI water with gels of different T%  

 Note: Swelling behavior of two types of gel with T%=20% ( ) and T%=28% ( )) was 

investigated. The relative volume ratio was based on the volume of the final dry gel discs. 

 

Since the shrinkage was started from swollen elastic gel polymer and enzyme was 

initially homogenously dispersed in hydrophilic prepolymer solution, an “ induce-fit”  

mode between PAG matrix and each enzyme molecule was expected during annealing. 

Such a hypothesis was indirectly supported by Figure 3-3, where PAG transformed from 

mesh swollen (Figure 3-3a) matrix into a rigid glass (Figure 3-3b). With the presence of 

enzyme, features of numerous granules with size of 20 nm were observed for PAG-GOx 

after annealing (Fig.3-2b), while blank PAG shows a distinctly smooth surface (Figure 

3-3c). Considering a single GOx molecule is a dimer protein with a dimension of ~10 nm, 
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a granule should only contain one GOx molecule if possible. Apparently no aggregates 

can be formed thus molecular entrapment has been achieved.   

3.3.3 Stabilization by spatial confinement 

3.3.3.1 Enhanced thermal Stability of annealed PAG-enzymes 

The half-life times of native GOx with PAG-GOx were compared before and after 

annealing at different temperatures (Table 3-1). PAG-enzyme after annealing, exhibits 

enhanced thermal stability when comparing with the dry native counterpart and wet 

PAG-enzyme. A four orders of magnitude is observed for annealed PAG-GOx at 80oC 

comparing with dry native enzyme at same conditions (the half life time of annealed 

PAG-GOx is about 15,000 hours, while it is only about 0.8 hour for native dry GOx and 

1.2 hours for wet PAG-GOx). Stabilization of dry PAG appears unrelated to the specific 

physicochemical features of the enzymes. The effects were also obtained by using second 

enzyme �-CT with markedly different structure (Table 3-1b).  

Table 3-1 Enhanced thermostability of PAG-enzyme composites 

 a) annealed PAG-GOx; b) annealed PAG- �-CT. Annealed PAG-enzyme composites 

were in comparison to their native enzymes, the wet PAG enzymes, as well as dry PAG enzymes 

with larger pore size. 
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To our best knowledge, such dramatically enhanced stabilization on enzyme has 

never been observed before. The stability enhancement could be explained by spatial 

confinement of single enzyme molecule in PAG matrix, as illustrated earlier in SEM 

characterization (Figure 3-3). As noted previously, the fact of absence of activity loss for 

wet PAG-�-CT over three months in aqueous solution is likely to explain that the enzyme 

molecules are individually caged in different pores and thus inhibit the autolysis caused 

by �-CT itself. 
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To aid in interpreting the confinement effects, we have further carried out the 

monitoring of enzyme-related characteristic peaks variation by UV-vis spectroscopy 

upon heat treatment (Figure 3-7). GOx has specific absorbance features in both near UV 

and visible light region and both the feature peaks at 375 and 450 nm are due to cofactor 

FAD (31, 189). Peak variations of native and PAG-GOx in the absorbance ranging from 

280 nm to 600 nm were recorded after different periods of incubation at 80oC. It shows 

that the peak variance of annealed PAG-GOx is much smaller than native enzyme and 

swollen PAG-GOx upon heat treatment (Figure 3-7a-c), when comparing with 

corresponding original ones. Such a trend is in good agreement with stability determined 

by activity assay (Figure 3-7d). As reported, the disappearance of characteristic peaks is 

associated with the dissociation of FAD, which is preceded by the exposition of 

hydrophobic regions (197). Hydrophobic interactions of these regions would lead to 

unfolding and nonspecific aggregation of the enzyme molecule (31), thus reduced the 

activity. Annealed PAG nanocage, by well confinement and separation of each enzyme 

molecule, considerably prevent the dissociation of FAD and later aggregation upon heat, 

thus improve the thermal stability of GOx.  



 

 80 

 

 

0 h 0.2 h 
0.5 h 

2 h 

6 h 

Anneal PAG-GOx 50 h 

Anneal PAG-GOx 500 h 

Swollen PAG-
GOx 50 h 

Anneal PAG-GOx 0 h 

Blank PAG 



 

 81 

 

 



 

 82 

Figure 3-7 Variation of enzyme characteristic absorbance peaks and enzyme activity 

change upon heat treatment  

Annealed shrunk PAG-GOx, swollen PAG-GOx (a) and native dry GOx (b) incubated at 

80oC for certain periods. The absorbance determined by UV-vis spectrometer at 450 nm 

regarding to FAD characteristic peak of each sample was normalized according to the initial 

sample absorbance (c) and relative activity at 80oC was also summarized (d). 

 Note: In (a) and (b), for native enzyme, concentration was kept 0.5 mg in the cell. Cell 

path length used was 5mm. Prior to scanning, 1 mL of DI water was added to dry native enzyme 

treated in the oven at 80oC for different periods. For PAG-GOx, PAG was formed in the cells 

together with 0.2 wt% GOx. After polymerization, swollen PAG-GOx in the capped cell was 

placed in the oven at 80oC for some period. Annealed PAG-GOx was obtained by treating swollen 

PAG-GOx in the cell with open top at room temperature for 7 days then in the oven at 80oC for 24 

hours. Scans were the average of triplicate runs at a speed of 10nm/ min from 200 to 800 nm.  

 In (c) and (d), annealed shrunk PAG-GOx ( ), swollen PAG-GOx ( ) and native 

dry GOx ( ). 

 

Large amount of bulk water might play a lubricant role in thermal inactivation as 

compared the half-life time between dry native enzyme with that dissolved in solution 

(Table 3-1). The PAG-enzyme at wet state does show slightly enhanced stability to some 

extent, majorly due to the increase micro-viscosity of water in the matrix. However, as 

shown in Figure 3-3a, apparently the open space of network (~100 nm) hardly provides 

additional protection as mechanical confinement. In annealed PAG-enzymes, both 

mechanical confinement and increase bound water micro-viscosity in matrix 

microenvironment can contribute to enzyme stabilization by reducing the conformational 

mobility of enzymes, either translational and rotational, thus prevent the protein against 
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structural unfolding (198). Consider bound water content in dry gel is limited; the former 

might play a major role in the case of dry PAG-enzyme.  

Further investigation was carried out by differential scanning calorimetry (DSC) 

(Figure 3-8). DSC can be used to observe subtle phase changes and to determine 

transition temperatures and enthalpies of pure samples or polymer blends. Both native 

and annealed blank PAG with GOx (1.0wt%) shows a similar peak position at about 59oC 

in the DSC thermograms (Figure 3-8a&b), due to the melting process of enzyme results 

in an endothermic peak in the DSC curve. This experimental melting temperature ™ 

(59oC) is in good agreement with Tm values (56-62oC) as reported for native GOx (31, 

199, 200). Remarkably, this characteristic peak disappears for annealed PAG-GOx (2.0 

wt%) (Figure 3-8c) and its entire thermogram resembles that of annealed blank PAG 

(Figure 3-8d). The enzyme loading (2.0%) in annealed PAG-GOx is unambiguously 

above detection limit since blank PAG with 1.7wt% GOx clearly demonstrated the 

endothermic peak (Figure 3-8b). Therefore, the disappearance of enzyme endothermic 

peak indicates that enzyme molecules might “ merge”  into polymer at molecular 

confinement condition, thus complying with similarity of polymer itself. Indeed, a 

broadened endothermic peak is observed at about 125oC for annealed PAG-GOx, lower 

than that of annealed pure PAG which is 135oC (Figure 3-8c&d). Less crosslinking 

degree of PAG in the presence of enzyme could be account for the lower temperature of 

endothermic peak. Apparently, a Tm increment of 66oC as inferred from Tm peak of 

native GOx (Figure 3-8a) and phase transition temperature (125oC) of annealed PAG-

GOx (Figure 3-8c) was estimated. The increment seems much higher than that (5oC 
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increment in Tm) reported in a very relevant paper but a wet PAG with T% less than 10% 

was used (180) or that (25-32oC increment in Tm) estimated by Eggers & Valentine who 

used sol-gel of silica to entrap �-lactalbumin (178).  

Extremely high storage temperature like 150°C was also investigation to explore 

the stabilization limit of PAG-enzyme, which is higher than the phase transistion 

temperature of blank PAG (about 135oC) as shown in Figure 3-8d. The annealed PAG-

GOx suffered a severe activity loss in a period of two hours along with the rapid 

yellowing of the gel. Obviously at such an extremely high temperature, detrimental 

reaction such as crosslinking/degradation can be triggered not only for enzymes but also 

for the gel matrix itself (133). Therefore, it appears that the increment of Tm is closely 

associated with thermal properties of polymer matrix. Other hydrogel materials which 

have similar properties as PAG but with higher Tg might overcome this limit and 

consequently offer even better stabilization. Additional study on the relationship between 

the thermal properties of the hydrogel and the space confinement stabilization will be 

addressed in the future. 
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Figure 3-8 DSC thermograms of PAG-enzyme composites and corresponding 

controls 

a) Pure GOx; b) annealed PAG with absorbed GOx (1.7%wt GOx); c) annealed PAG-GOx 

(2.0%wt GOx); d) anneal blank PAG  

 Note: DSC was used to observe subtle phase changes and transition temperatures 

of samples mentioned above. Both native (a) and annealed blank PAG with GOx 

(1.7wt%) (b) shows similar Tm of 59oC for enzyme GOx, whereas there is not such a 

characteristic peak for annealed PAG-GOx (2.0 wt%) (c). Thermogram of annealed PAG-

GOx (c) is similar as that of annealed pure PAG (d), though a broadened endothermic 

peak at about 125oC is observed for annealed PAG-GOx (c), lower than that in annealed 

blank PAG (about 135oC) (d).   

 

It is interesting to note that there is a threshold of annealing temperature for a 

specific enzyme entrapped in PAG, depending on how delicate the enzyme structure is. 

For PAG-GOx, a temperature no greater than 80oC could be used. Native GOx has a 

melting temperature (Tm) around 59oC in the solution (31). At a temperature higher than 

Tm, e.g. 80oC, native enzymes suffered complete denaturation after 24 hours incubation, 

whereas only 20% activity loss was observed for enzyme entrapped during the annealing 

process from wet to dry gel. After 24 hours annealing, the dry PAG-GOx became 

extremely stable as indicated by the results in Table 3-1. Therefore, 80oC can be served 

as threshold temperature for GOx, similarly it is 55oC for PAG-�-CT due to a less Tm 

(~42oC) �-CT possesses (201, 202).  

It must be noted that there is no significant difference in thermostability between 

PAG-enzymes annealed at room temperature or high temperatures below the threshold, if 

the similar shrinkage can achieve, although the water content in the final dry PAG-
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enzymes is different, as indicated by thermogravimetric analysis, e.g. 7.90% when dried 

at ambient temperature vs. 0.66% when dried at oven for 28%T PAG-�-CT. 

The activation energy of GOx denaturation is 280 kJ/mol(203), as calculated 

based on equations described in Section 3.2.8, although in some literature higher or lower 

activation energy (204 kJ/mol (197) and 96 kJ/mol (31, 200)) were also reported. �-CT 

(204, 205) has stokes radius of 34.6Å, upon thermal denaturation it is estimated almost 

zero volume changes (54). The activation energy of �-CT denaturation is about 419+16 

kJ/mol (202), much higher than that of GOx, which implies that the former is rigid and 

require larger free energy for inactivation. These data, from the other aspect, implied why 

GOx benefited more from spatial confinement than �-CT. In the following we would 

extend our discussion on impact of some critical parameters on the enzyme thermal 

stability. 

3.3.3.2 Impact of annealing methods on enzyme thermal stability 

 The impact on the stability of PAG-enzymes annealed under lyphilization process 

was investigated. By this means, the annealed gel shrank by 70% for gels 20%T and 67% 

for gels with 28%T. Though currently characterization data is not available to estimate 

pore size of PAG-enzyme annealed under lyphilization process, it is certain that such a 

gel has larger pore size than that annealed at hot air. Stability of PAG-GOx annealed by 

different processes, lyphilization or 80oC air drying, is compared (Figure 3-9a). After 

annealing, lyphilized PAG-GOx has a half-life time of 2000 hours at 80oC oven, much 

less than annealed PAG-GOx which has a half-life time of 15,000 hours. Similar results 

were obtained for the lyophilized PAG-�-CT, at 130oC it has a 1/3 stability comparing 
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with annealed PAG-�-CT at hot air (Figure 3-9b). The above results supported our 

assumption that the confinement effects were dependent on the pore size and pore sizes 

comparable with the enzyme molecule are more beneficial in terms of stability. 
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Figure 3-9 Impact of annealing methods on enzyme thermal stability 

a) Thermal Stability of Native GOx and PAG-GOx at 80°C. Samples included dry native 

( ), swollen PAG-GOx ( ), annealed shrunk PAG-GOx ( ) and dry PAG-GOx with 

larger pore size treated by lyophilization ( ). The relative activity was based on the initial 

activity of each sample before incubated in the oven; b) Thermal Stability of Native �-CT and 

PAG-�-CT at 130°C. Samples included dry native ( ), swollen PAG-�-CT ( ), annealed 

shrunk PAG-�-CT ( ) and dry PAG-�-CT ( ) with larger pore size treated by lyophilization. 

The relative activity was based on the initial activity of each sample before incubated in the oven. 

 

3.3.3.3  Impact of in-situ gel entrapment and gel post- absorption on enzyme 

thermal stability 

Another interesting experiment was carried out by incubating blank PAG gel into 

GOx solution (0.5mg/mL in pH 7.0 0.1M phosphate buffer) for 4 hours. Then the PAG 

with absorbed GOx was removed and annealed at 80oC oven for 24 hours. Interestingly, 
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there was some GOx absorbed into the gel whereas no enzyme leaching was observed 

thereafter. However, substantial difference in stability was encountered when comparing 

annealed blank PAG with absorbed GOx and annealed PAG-GOx where enzyme was in-

situ entrapped. The former only has comparable stability as native enzyme, indicating no 

spatial confinement effects for absorbed enzyme molecules. Such a result, from the other 

aspect, proves the “ induced-fit”  dictation between enzyme and matrix during annealing.  

 

Figure 3-10 Impact of in-situ gel entrapment and gel post-absorption on enzyme 

thermal stability  

Samples included dry native ( ), annealed shrunk PAG-GOx ( ) and annealed shrunk 

PAG-GOx with absorbed GOx ( ). The relative activity was based on the initial activity of 

each sample before incubated in the oven at 80°C. 
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3.3.3.4 Impact of enzyme loadings on confinement and enzyme thermal stability 

Could enzyme loading affect the PAG confinement as well as stability? The 

thermal stability of high enzyme loading up to 5% dry weight of total PAG-enzyme was 

investigated. Figure 3-11 reveals how increased GOx loading affects the annealed PAG 

structure, as shown in SEM characterization of cross-section. A smooth surface is 

observed when there was no enzyme entrapped (Figure 3-11a). With increase of GOx 

loading (Figure 3-11b-d), the surface turns rougher with apparently increased spherical 

particles. It is worthy to note that bumpy aggregates instead of particles are formed when 

GOx loading reached 5%. Stability tests shows that such aggregates result in a much 

lower stability (Figure 3-11e). The bumpy aggregates formation might due to the 

presence of high enzyme loading. As a consequence confinement at individual molecular 

could not be achieved so that the stabilization effects significantly reduced. Therefore a 

loading limit could be expected to achieve effective stabilization, which is about 2% for 

PAG-GOx.  
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Figure 3-11 Impact of enzyme loading on annealed PAG structure and stability 

 (a) blank gel; (b) 0.2% GOx loading; (c) 0% GOx loading; (d) 5.0% GOx loading; (e) 

Relative activity of annealed PAG-GOx with various enzyme dry weight loadings incubated at 

80oC for 5 days comparing with initial anneal PAG-GOx before incubation. 

 

3.3.3.5 Enhanced Solvent Stability   

Gel could stabilize GOx to resist almost all types of solvents, polar or nonpolar 

type. Take methanol with a log P value of -0.76 as example, which is known as one of the 

most aggressive solvent leading to serious structural distortion for average enzymes, it 

had very slight effects on the activity of dry PAG-GOx at room temperature in prolonged 

storage up to 50 days) (Table 3-2). The average lifetime of the dry PAG-GOx is 

estimated as long as 235 days whereas the native enzyme lost its activity instantaneously 

(less than 5 min). While enhanced thermostability is due to the confinement effects of dry 

PAG, solvent resistance properties were mainly caused by favorable hydrophilic 

microenvironment provided by bound water in PAG matrix that excluded the contact of 

enzyme with hostile solvents (206). The most astonishing results were obtained when 

comparing dry PAG-enzyme with native ones in polar solvent at elevated temperature of 

75oC. For instance, the half-life time of dry PAG-GOx at 75oC ethanol is about half year, 

more than 6 orders of magnitude as native counterpart. Similar stability against solvent is 

also achieved for PAG-�-CT, e.g., the half-life of annealed shrunk PAG-�-CT is about 

125 days in methanol. This finding would facilitate the application of some enzymes used 

in organic transesterification and esterification as discussed in Section 3.3.4.  

Table 3-2 Enhancement of solvent stability of annealed PAG-enzyme composites 
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 Note: The stability of annealed PAG-enzyme composites was in comparison to their 

native counterparts, wet PAG-enzyme composites 

Half-life time (hours) 
Solvent 

(log P, T) Enzymes 
Dry 

native 
Wet gel 

(enhancement)* 
Annealed gel 

(enhancement)* 

Methanol 

(-0.76, 23 � ) GOx 0.05 50.3 
(>103) 

5650 
(>105) 

Ethanol 

(-0.24, 23 � ) GOx 0.1 182 
(>103) 

10000 
(>105) 

Ethanol 

(-0.24, 75 � ) GOx 0.002 2.8 
(>103) 

4500 
(>106) 

Methanol  

(-0.76, 23 � ) �-CT 0.007 2200 
(>105) 

3000 
(>105) 
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Figure 3-12 Stability of PAG-GOx composite in ethanol at 75oC 

Note: samples included native ( ), swollen PAG-GOx ( ) and annealed PAG-

GOx ( ) incubated in ethanol. Activities of the samples before contacting with the solvent 

were taken as 100%. 

 

3.3.4 Non-aqueous Biotransformation Reaction  

 To examine the activity of PAG enzymes for nanoaqueous biocatalysis, annealed 

PAG �-CT was examined for transesterification reaction in hexane in comparison with 

native �-CT. Figure 3-13 shows the apparent activities of the �-CT samples under 

different reaction conditions. In anhydrous hexane, the activity of PAG �-CT is over 3 

orders of magnitude higher than that of native �-CT powder. The low activity of native 

enzyme may be a reflection of the concomitant effects of both enzyme dehydration and 
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poor dispersion. As have been reported previously for this reaction, water content has a 

big impact on the activity of �-CT (84, 207-209). As small amounts of water were added 

to the reaction solution, the activities of both native and PAG �-CT increased 

substantially (Figure 3-13); but the improvement for the native enzyme is much more 

dramatic, such that the PAG enzyme’ s activity is only several folds higher when the 

water content was controlled at 0.1 – 0.5 % (v/v). That indicates that adsorption of water 

not only helped native enzyme got better hydrated, but also helped it disperse better and 

exposed more enzyme for reaction. As in the case of gel enzyme, it can be imagined that 

only surface exposed enzyme (kept being dispersed as single molecules though, instead 

of molecular clusters as suspended native enzyme) was involved in the reaction, and 

adsorption of water by the gel may not change the availability of enzyme for reaction. 

Therefore the increase in activity of gel-enzyme has been mainly a result of hydration 

effect of the surface exposed enzyme. In separated tests with gel samples of different 

sizes, we observe that the reaction rate was linearly dependent of the outer surface areas 

of the gels (data not shown), supporting the assumption that surface area determines 

enzyme’ s availability for reaction. We may also assume that there is a competition 

between the gel and the enzyme for adsorption of water, further reducing the degree of 

activity improvement of the gel enzyme as a function of increase in water content as 

compared to the native enzyme, especially when the water content was low (Figure 

3-13). Enzyme activity reached maximum values when water content reached 1%, which 

was consistent with the results reported previously by others (208). Apparent reaction 

kinetic parameters for this transesterification reaction with 1% of added water were 
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determined by measuring initial reaction rates with different substrate concentrations. 

Table 3-3 summarizes the apparent kinetic parameters for both native and PAG-�-CT. 

Compared to native �-CT, the PAG-enzyme shows a lower KM, and a higher Kcat, leading 

to a 40-fold higher specific reaction rate (Kcat/KM,).  
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Figure 3-13 Impact of water content in the reaction medium on activity of PAG-�-

CT in hexane  

Note: native enzyme (open) and PAG-enzyme (filled))
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Table 3-3 Kinetic parameters of native �-CT and PAG-�-CT in transesterification 

reaction 

 Note: Water content was controlled at 1% v/v 

�  Vmax 

(mM sec-1) 

KM 

(mM) 

kcat 

(sec-1) 

kcat/KM 

(M-1 sec-1) 

Native �-CT 3.2+ 0.3 × 10-3 15.1 + 0.9 0.07 + 0.01 4.5 + 0.2 

PAG �-CT  19 + 2 × 10-3 2.3 + 0.3 0.41 + 0.03 182 + 8 

Ratio (gel/native)  6 0.15 6 40 

 

 Durability of the catalyst for sustainable operations also constitutes a critical 

consideration for large scale biotransformation applications. To demonstrate the 

durability of the gel-enzyme catalyst, we examined its activity loss for reusing. After 

each reaction cycle, gel discs were retrieved from the reaction and washed with DI water 

for at least 5 times, then immersed in water for 1 hour followed by air drying for one 

week at room temperature before being used for next round of reaction. PAG-�-CT 

retained over 90% of its original activity after being reused for 5 cycles for either 

aqueous hydrolytic or organic transesterification reactions (Figure 3-14).   
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Figure 3-14 Reusability of gel-confined enzyme in aqueous (filled) and organic 

(open) reaction media. 

 Note: Hexane was used for organic phase reaction. The activity of enzyme samples in the 

first run was defined as 100%. 

 

3.4 Conclusions 

 The gelation-annealing process extremely stabilized the enzyme in hydrophilic 

PAG against solvent and thermal denaturation, such that the lifetime of the enzymes can 

be extended by a factor in the order of 106, allowing the biocatalysts to be applied in 

strong polar solvents such as methanol and ethanol, even at elevated temperatures up to 

75oC. We assume the annealing process helps to remove unnecessary water molecules 

from the gel network, substantially increased the energy barrier for the enzymes’  protein 

structures undergo any alteration or rearrangements. The annealing process also 

maintains the molecular dispersion nature of the enzyme molecules in the gel network, 

maximizing its availability at the outer surface of the gel for reaction.   
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 With all of these merits, the PAG-enzyme composites therefore open up a 

plentitude of new applications towards commercialization (e.g. biosensing or biocatalysis 

in organic solvent for fine chemicals). A further optimization is not urgently needed due 

to the outstanding stability achieved by spatial confinement. Therefore, in the following 

we will only focus on the study related to enzyme used in hydrophobic coatings. The 

obtained superior stabilization from spatial confinement will be transfer for directed 

improvement of enzyme in hydrophobic polymers. 
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4 NOVEL FUNCTIONALITIES ENABLED BY BIOACTIVE 

COATINGS  

4.1 Introduction 

Surface-exposed enzymes have been explored recently for development of novel 

functionalized smart materials. One great advantage of enzyme-based smart materials is 

that their functionalities are tuneable depending on the enzymes applied. Though 

intensive research efforts were spend on this aspect, only little steps forward have been 

made. Breakout news has not been reported in the recent past, what gives special light on 

the achievements of the exploration as will be address in this chapter: for the first time 

stains made of smashed insects and fingerprints were tackled by smart coatings; and the 

reusability of such coatings was also demonstrated.  

The general applicability of solid enzyme coating against organic stains in 

absence of bulk water was verified in Section 2.3.5. Due to large variation of enzyme 

roles in hydrolysis reactions and their consequent applications, investigation for each type 

of hydrolytic enzyme is discussed separately as follows.  

4.2 Materials and methods 

4.2.1 Materials 

 Enzymes, coating formula and most of chemicals have been described in Section 

2.2.1. Freeze-dry crickets were obtained from Fluker Laboratories (Port Allen, LA). Food 

sauce such as BBQ (i.e. Kraft Honey BBQ), tartar sauce (Kraft Tartar sauce) and light 
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mayonnaise were obtained from food market. Chicken liver blood was obtained from 

food market as well. Nile Red fluorescent dye was purchase from Molecular Probes 

(Invitrogen) (Eugene, OR). Unless mentioned, all reagents and solvents used in the 

experiments were of the highest grade commercially available. 

4.2.2 Self-cleaning of surface  

4.2.2.1 Self-cleaning tests of �-amylase coating and their reusability tests 

Wheat starch paste was chosen as simulated stains for self-cleaning tests of �-

amylase coatings. Typically, 10-12.5% w/v wheat starch was prepared in DI water and 

mixed well. Three types of panels were often used: Blank PU coating, BSA PU coating 

and �-amylase PU coating. One alumina panel (0.6×76×152 mm3) was punched with ten 

uniform holes (diameter = 0.9 cm) distributed in the panel serving as standard stain-

applying template. The template was secured to the panels and the stains were applied 

onto coatings through these holes to form stain spots. The excess stain was scraped off 

via a spatula. Then the spots were dried on the surface of hot plate at 40°C for 5 min or 

air dried at room temperature for 90 min. After drying, all of the panels with dry stain 

spots were face-up immersed into DI water with 200 rpm shaking for 5 min before they 

were taken out from the water bath for final self-cleaning demonstration. The stain spots 

retained on the coatings were counted for quantitative analysis. If necessary, 0.5% iodine 

solution could be used to stain the panels for a better visual performance.  

Real life stains for self-cleaning tests of �-amylase coatings were starch-rich food 

sauces such as BBQ sauce (i.e. Kraft Honey BBQ), tartar sauce (Kraft Tartar Sauce) and 

light mayonnaise. They were obtained from food market and directly used to demonstrate 
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the self-cleaning function without any dilution or other additives. The BBQ or tartar 

sauce stains were applied onto coating surface as described above using standard ten-hole 

template. Afterwards the spots were dried on a plate heated up to 40˚C for 45 min. After 

drying, panels with dry stain spots were face-up immersed into DI water bath with 200 

rpm horizontal shaking. The time course of removing the stain spots was monitored for 

quantitative analysis.  

Light mayonnaise sauce can be used as quick test for self-cleaning tests of �-

amylase coatings or lipase coatings which required only a short time (<5 min) to 

demonstrate. Light mayonnaise sauce (0.3 g) was applied via the plastic transfer pipettes 

onto on two juxtaposed coatings: one was coated with �-amylase coating and the other 

was enzyme-free blank PU coating. The coatings were tilted at 60o after 1 min at RT. The 

travelled path length of each stain within a specific period (e.g. half min) was measured 

and compared.  

Reusability of these coatings for self-cleaning was also investigated by using light 

mayonnaise. One control and one �-amylase coating were juxtaposed and stain spots with 

same weight (0.3g) were applied onto the surface. The coating was tested according to 

the self-cleaning procedures described above then was reused after following either 

washing protocol below to remove the fat which would otherwise form an inhibiting 

layer.  

Ethanol washing protocol: between each cycle of reusing, the coating was washed 

by running water (50 ml/sec) for 20 sec, then washed by ethanol for 10 sec and by 

running water (50 ml/sec) for the other 30 sec and dried by towel paper. 
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EDTA-free soap washing protocol: between each cycle of reusing, the coating 

was washed by running water (50 ml/sec) for 20 sec, then wiped with EDTA-free soap 

for 20 sec, then washed with running water for another 20 sec and dried by towel paper.  

4.2.2.2 Self-cleaning tests of protease coating and their reusability tests 

Freeze-dried crickets were blended into fine powder before the self-cleaning test. 

2 g of the powder were mixed with 6 mL of DI water in a 20 mL of glass vial following 

by vigorous vortex to get the fresh stain paste for experiments. Three types of panels 

were used: 1) enzyme-free PU coating, 2) BSA PU coating and 3) TC160 coating. Stains 

were applied as described above and dried on a heating plate at 40°C for 7.5 min. After 

drying, all panels with dry stain spots were immersed face-up in DI water while 

horizontally shaken with 200 rpm. The stain spots retained on the coatings after a desired 

shaking time were counted during the washing for quantitative analysis. 

Real life bugs stains used for protease coating was flying bugs collected on the 

front bumpers of vehicles running on highways. Field tests on local highways and 

country roads in Minnesota near Mississippi River were conducted in the late afternoon 

with coating panels mounted on the front bumper of a car. After field tests, the panels 

were then rinsed by immersing in DI water bath while horizontally shaken at 350 rpm for 

about 10 min. The time course of removing the bugs was monitored and photo-taken for 

quantitative analysis. 

Reusability of the protease coatings for self-cleaning was also investigated by 

using simulated stain crashed cricket bugs. Stain spots were applied onto the surface of 

coatings desired for reusability tests. The coating was tested according to the self-
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cleaning procedures described above for 3 hours, then was washed under running water 

(50 mL/min) for 3 min prior to the next run of test. 

4.2.2.3 Self-cleaning tests of lipase coating against blood 

Chicken liver blood was obtained from food market and directly used to 

demonstrate the self-cleaning function of lipase coatings. Three types of panels were 

used: 1) enzyme-free PU coating, 2) BSA PU coating as negative control and 3) lipase 

coating. Each panel (0.6×100×152 mm3) was overlaid with a template of ten uniform 

stain spots with equal amount of 100 �l. Afterwards the spots were dried on a plate 

heated up to 40 ˚C for 30 min. After drying, panels with dry stain spots were face-up 

immersed into a DI water bath with 200 rpm horizontal shaking. The time course of 

removing the stain spots was monitored for quantitative analysis.  

4.2.2.4 Anti-fingerprint tests by lipase coating 

Fingerprint was used as real life stains for lipase coating. The fingerprints on the 

coating were collected by touching face and skin and then pressed crossed over both 

blank coating and lipase coating. Incubation at room temperature for 24 hours was 

followed. After this first incubation period, the coating was incubated in the oven at a 

temperature of 45°C or higher for certain periods. 

 

4.2.3 Water washing tests 

Coating pieces were immerged into 2 mL DI water, shaking at 200 rpm for a 

period as long as 15 hours at room temperature. After washing, the coatings were then 
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flushed by running DI water (50mL/sec). The enzyme residual activity was determined 

by the enzyme assay for the respective enzyme. 

4.2.4 Renewal of surfacial activity by gentle abrasion  

Renewing of coating surface was carried out by using fine-grained sandpaper 

(800 grit, 3M Inc., Minneapolis, MN, U.S.A.) at a very moderate grinding pressure 

(approx. 0.5 N) for several times. After wiping the recovered activity was determined by 

the respective enzyme assay.  

 

4.3 Results and discussions 

4.3.1 �-Amylase coating for the removal of food-specific stains 

The majority of real-life food stains, such as starch, barbeque sauce, salad 

dressing and light mayonnaise, contain macromolecular carbohydrates in the form of 

starch or polysaccharides. Mostly because of these large macromolecules acting like glue, 

food stains got bound onto solid surfaces, holding other parts as well as external 

particulate matter. Such food stains are degradable by using detergent enzymes such as 

amylase in the presence of an excessive amount of water. In this section we will use 

polyurethane coating incorporated with highly active hydrolysis enzyme, �-amylase, as a 

model system, to explore and demonstrate the self-cleaning functions of bioactive coating 

against real-life food stains in the absence of bulk water. 
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4.3.1.1 Dispersion and activity of �-amylase incorporated in the PU coatings 

�-Amylase was incorporated into the abovementioned thin coatings through an 

emulsion-polymerization procedure (Chapter 2), generating thin coatings of 20-40 �m, as 

controlled through a draw-down coating procedure, containing enzyme particulates of 

ranging from sub-micrometer to several micrometers in diameter. Scanning electron 

microscopy (SEM) on the film cross-section (Figure 4-1a) and surface (Figure 4-1b) 

verified the protein dispersion throughout the whole film. Enzyme particulates exposed to 

the outer surface (Figure 4-1b) showed a very high apparent surface activity (up to ~2 

unit/cm2) via enzymatic activity assay. Such a highly active surface may enable 

biocatalytic reactions upon the first moment of contact with stains. On the other hand, 

enzymes entrapped in the coating mainly serve as “ reservoir”  contributing to long-lasting 

functionality when exposed as will be discussed in Section 4.3.4. 
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Figure 4-1 Spherical particle formation throughout 2K SB �-amylase (5%NV) PU 

coating 

 Note: SEM characterization of coating cross-section (a) and surface (b) 

 

4.3.1.2 Self-cleaning against simulated starch stain and real-life food sauces  

In self-cleaning demonstration, generally stains are in a solid form without the 

presence of bulk water. Concentrated wheat starch stains (10% w/v in DI water) were 

used as simulated stains for �-amylase coatings not only because of its being inherent 

substrate of �-amylase but also its stickiness to the surface which makes the 

demonstration easier. As illustrated in Figure 4-2, stain paste was applied onto the 

coating surface using a pattern template and then cured at 40 oC for 5 min to obtain the 

solid state stain which was dry enough to offer enough stickiness with the coating 

surface, possible by physical interlocking between high molecular weight polysaccharide 

and polymer matrix. By this means, stains would stay on the blank PU coatings or non-

active BSA coatings under washing, as observed in the final result. At the same time, due 

to continuous hydrolysis reaction taken place at the surface of the enzyme coating, 
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“ anchors”  of stains spots on the coating were removed by the �-amylase located on the 

bioactive coating, thus leading to self-cleaning effects by simple washing.  

 

Figure 4-2 Demonstration of self-cleaning against starch based stains using �-

amylase containing PU coating  

 Note: Templated starch stains were applied onto the panel and dried at 40oC for 5 min. 

The stained panels were then washed in DI water under shaking (horizontal, 200 rpm). Time 

needed for the removal of the stain spots was recorded. The incorporation of enzyme (right) 

resulted in drastically accelerated removal of the stains compared to the enzyme-free control 

(left). 

 

Starch-rich barbecue sauce, tartar sauce were used as stains for self-cleaning 

demonstration. The effect was recorded as the time needed for the detachment of the 

patterned stain spots (applied by a template and baked on the heating plate) while gently 

shaken in a DI water bath. The observed effect on the enzyme coating was compared 
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with the control coating. Evidently the strength of adhesion of starch-rich real life stains 

to surfaces was reduced if �-amylase was incorporated, as indicated by Figure 4-3 a & 

b.  

In light mayonnaise modified (possibly esterized) starch is used as emulsifier. 

Such macromolecules contribute to the high viscosity and thus to high friction force on 

the coating surface that gravidity force cannot overcome when tilted. The hydrolysis of 

the emulsifier would result in tremendously reduced viscosity. As a consequence of a 

phase separation at the stain-coating interface was formed, thus allowing the stain to slide 

down over the coating when tilted (Figure 4-3 c). 
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Figure 4-3 Self-cleaning of �-amylase coating against food stains  

Following similar methodologies for starch-based stain, self-cleaning of �-amylase 

coating were extended to barbecue sauce (a), tartar sauce (b) and light mayonnaise (c). The 

incorporation of enzyme (right), resulted in drastically accelerated removal of the stains 

compared to the enzyme-free control (left). 
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4.3.1.3 Role of enzymatic hydrolysis in the self-cleaning 

There is a broad diversity of biological stains from nature but relatively little is 

known about the composition of the adhesive mechanism on the surface. As it is 

believed, high molecular weight carbohydrates and proteins are considered two major 

constituent of adhesives. Our experiments showed that polysaccharide with molecular 

weight greater than 7 kDa would contribute effectively to the adhesion on the surface 

after drying in the air. In Section 2.2.6 we proved that the easy-detach behaviour of 

starch could be obtained by using enzyme coatings, due to the biocatalytic function of 

coating surface.  

For real life stains, e.g. tartar sauce, barbecue sauce and light mayonnaise, big 

macromolecules (modified) starch is one of major components that contribute to the 

high adhesion. The chemical nature of the modified starch was not yet elucidated, but 

the biocatalytic principle was proven in a control experiment using free �-amylase 

where phase separation was observed (Figure 4-4). No aqueous solution was added to 

the stains when applied onto the coating surface. The self-cleaning demonstrations infer 

that enzyme-bound water or stain-bound water is sufficient to enable the reaction at the 

interface between the solid-state enzyme coating and the solid-state stain substrate. 
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Figure 4-4 Viscosity reduction and phase separation observed for light mayonnaise 

after treatment with free �-amylase 

Note: Right tube --- 750 mg light mayonnaise with 250 µL water, left tube ---750 mg 

light mayonnaise with 250 µL 200mg/mL �-amylase solution. After 30 sec vortexing, only 

mixture in the tube with enzyme could be poured out when holding tubes upside down, due to the 

reduced viscosity and separated phases after hydrolysis by �-amylase.  

 

Moreover, further proof was adduced by investigating the surface wettability. The 

difference of water contact angle over a broad range of protein loading from 0% to 5% 

was so small (<3 )̊ that the occurrence of sliding was not due to the change of surface 

hydrophilicity/hydrophobicity. The undetectable difference in water contact angle was 

also observed for other enzyme coatings, like protease TC160 coatings (Figure 4-5). To 

exclude the effects of enzyme particles presence, coatings with 0-5%NV pure protein 

BSA was prepared as control. Similar patterns of spherical particles were found in BSA 

coatings but no capacity of self-cleaning was displayed (Figure 4-5). 

By using �-amylase coatings with loading ranging from 0%NV to 5%NV, the 

quick test using light-mayonnaise as stains further revealed even quantitative differences 
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in travelling path, which was in good agreement with measured biocatalytic activities. 

Such activity-dependent behaviour could be best explained by that apparent self-cleaning 

function was due to the inherent biocatalytic activity. Figure 4-6a demonstrated how the 

effects of protein loadings on the surface properties. More characteristic micrometer 

round discs were observed as the �-amylase loadings increased. Such round discs were 

enzyme aggregates on the surface, thus higher surface activity could be expected when 

more round discs were present. Figure 4-6b illustrated the effect of enzyme loading on 

the anti-contamination effects of the coatings. The increase in stain mobility agreed well 

with increment of apparent enzyme activity of the coatings (Figure 4-6c).  

 

Figure 4-5 Enzyme loading effects on the surface wettability 

Water contact angle was used to compare surface wettability. Surface wettability was 

almost constant with the changes of loadings of various proteins, BSA ( ), �-amylase ( ) and 
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TC160 ( ), which excluded the possibility that self-cleaning function was due to the change of 

surface energy. 

 

Figure 4-6 Dependence of anti-contamination activity on �-amylase loading and 

surface activity 

a) Surface of SB PU films with different �-amylase loadings characterized by SEM, from 

left to right the loading is: 5%, 2.5%, 1.25%, and 0%, respectively. b) Dependence of anti-

contamination activity on enzyme loading: anti-contamination activity of coatings increased with 

enzyme loading as indicated by the mobility of the light mayonnaise stains on the surface when it 

was tilted at 60o. The distance travelled by the stains within 0.5 min was measured and compared 

with the longest distance used as the reference (100% in the plot). The increase in relative path 

length (triangle) agreed well with the increase in surface activity (square) of the enzyme (on a 

relative basis in the plot). 
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4.3.1.4 Durability of self-cleaning functionality 

Bioactive coatings were prepared based on standard techniques described 

previously. The reusability of coatings was tested by light mayonnaise quick test. 

Between each cycles extensive washing procedures using running water and ethanol were 

applied to remove the grease trace during sliding down of the light mayonnaise drop from 

last cycle.  

Reusability of coatings in the test using light mayonnaise was demonstrated two 

times: one with ethanol washing for 30 cycles (Figure 4-7a), the other one with 

EDTA-free soap washing for 50 cycles (Figure 4-7b) with good reproducibility, 

although a continuous loss of activity was registered (Figure 4-7c). The reusability 

results over 50 cycles somehow indicate that also immobilized enzymes may 

contribute to the observable activity. The loss of activity might be due to the 

mechanical abrasion force.  
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Figure 4-7 Reusing �-amylase coatings for facilitated removal of light mayonnaise 

Left coating was enzyme-free coating; right coating was �-amylase coating. The self-

cleaning function was illustrated by the sliding-down of light mayonnaise stain drops on the part 

of enzyme-containing coating when tilted at 60o, as a result of the hydrolytic activity of enzyme. 

The coatings were washed thoroughly by ethanol and water for reusing over 30 times (a), or 

washed by EDTA-free soap and water for reusing over 50 times (b). The travelling time of stain 

spots on enzyme coating for 2 cm path length was recorded for each cycle (c) for both washing 

methods, washed by ethanol ( ) and by EDTA-free soap ( ). 

 

4.3.1.5 Demonstration of first prototype --- A self-cleaning table  

 The first prototype was demonstrated (Figure 4-8) on a coffee table, half of which 

was coated with a bioactive coating and the other half with regular control coating. Light 
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mayonnaise sauce was applied on the table and the stain slid down immediately on the 

bioactive coating side when the table is tilted, as a result of the enzyme activity.    

 

 

Figure 4-8 Prototype self-cleaning table for easy-removal of food stains 

 Left half coating on the table was enzyme-free coating; right half coating was �-amylase 

coating. The prototype table with self-cleaning was illustrated by the sliding-down of light 

mayonnaise stain drops on the part of enzyme coatings covered table.  

 

4.3.2 Protease coating for the removal of smashed insects 

Painted surfaces of vehicles are often subject to damages from airborne hazards, 

which affect the coating quality adversely either by mechanical or by chemical effects. 

Especially, in warm and humid areas the major hazard comes from flying bugs. If 

splattered, biological debris of the bugs are difficult to remove once dried and cured. 

Furthermore, these organic stains can causes irreversible damage to car paint finishes due 

to active and corrosive ingredients in bugs (210-212). Most of the cleaning agents 

available for bug removal purpose are typically based on petroleum distillates, xylene, 

benzene or other harsh chemicals that can be harmful to the environment (213). The 
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majority of organic stains have been originated from bioorganic matters including 

proteins, lipids and saccharides. Those clammy stains can be traced back to food sauce, 

bird dropping, triglyceride-based oil and fat, blood, insect debris, microbes and more. In 

most cases biomolecules act like glues and can bind to any surfaces, holding and 

integrating other biological debris and other particulate matters, and in some cases acting 

as the bonds for attachment and growth of biofilms. Fortunately, such stains are 

breakable by using enzymes (214). Since the “ gluing”  occurs at the interface. A strategy 

is to incorporate such digestive enzymes in the coating. Enzyme would help to reduce 

adherence of the stains on the surface and it is unnecessary to degrade the whole stain. 

The anti-contamination is enabled instantly and directly upon the contact of crashed 

insects’  bodies, causing the instant degradation of sticky organic molecules like proteins 

and thus weakening the adhesion of stains. The concept of solid-state biocatalysts against 

air-borne dry substrate was proven in Section 2.2.6. In this paper we stepped further to 

demonstrate the possibility of one potential application as self-cleaning car coating. By 

incorporating the hydrolytic enzyme, thermoase C160 (TC160), into precursors of solvent 

borne automotive polyurethane coating formula, functional coatings were formed with 

enzymes exposed to the outer surface for anti-contamination functions. Mimic crushed 

cricket insect stain and later smashed bugs collected in the field tests were used to 

evaluate the function of protease based coatings.  
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4.3.2.1 Dispersion and activity of TC160 incorporated in the PU coatings 

As used widely in automotive exterior clear coat, 2-component (2K) solvent-

borne (SB) acrylic polyurethane (PU) was used here for enzyme incorporation. TC160 

was incorporated through an emulsion-polymerization procedure into the 2K SB PU 

coating with thickness of 20-40 �m, as controlled through a draw-down coating 

procedure. In the resultant coatings enzymes were embedded as particulates with 

diameters ranging from sub-micrometer to several micrometers, rather uniformly 

distributed throughout the coating. Scanning electron microscopy on the film cross-

section (Figure 4-9a) verified the protein dispersion as near spherical micrometer 

particles. Due to a result of the physical entrapment in the compact non-swelling PU 

matrix and possible cross-linking reaction between the enzymes at the rim of the particles 

through amide groups and polyurethane precursors via NCO groups, enzyme stayed 

permanently in the matrix. No leaching of enzyme could be observed from the inner of 

the coating when incubated in the water. On the other hand, some enzyme particles were 

partially protruding through the surface as clearly observed from the top view of film 

surface (Figure 4-9b). The apparent surface activity in assay solution was measured as 

high as 180 mU/cm2 when enzyme loading of 5%NV was used. Unlike other bioactive 

coating systems where either bioactive reagents can be leached out from coating inside 

for reaction (101) or substrate as relatively small molecules that can be diffused into the 

coating (101, 215), here the hydrolyzed reaction was merely happed at the coating 

surface. Casein as itself macromolecules, or potential bug stains that compose of 

complicated macromolecules with size comparable with casein, are not possible to 



 

 122 

penetrate into the coating for reaction. Therefore the measured activity 180 mU/cm2 was 

mainly due to the reaction at the surface between casein and surfacial enzyme. Scheme of 

self-cleaning coating surface against potential bug stains was proposed in Figure 2-1, 

where the exposure of proteolytic enzymes was supposed to enable the degradation of the 

gluing matter of organic stains for reduced adhesion. On the other hand, enzyme 

entrapped in the coating serve as “ reservoir”  contributing to long-lasting functionality 

when exposed, by simple actions of abrasion or wiping. As discussed in the following, 

we would use this as prototype for self-cleaning demonstration.  

 

Figure 4-9 Spherical particle formation in 2K SB TC160 (5%NV) PU coating  

 Note: SEM characterization of coating cross-section (a) and surface (b) 

 

4.3.2.2 Self-cleaning against protein rich stains: crashed cricket bodies and 

smashed bugs collected on road test 

Typically the surface activity of enzyme-containing coatings is determined by a 

biochemical approach, which measures how fast the immobilized enzyme catalyzes the 

conversion of substrate or the generation of products. For evaluating self-cleaning 

coatings, this is not appropriate because the result does not directly reflect the “ self-
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cleaning”  capability in the absence of bulk water. A straight forward approach can be to 

apply the suitable stains onto the surface coatings. The self-cleaning effects can be 

illustrated by fast removal of stains by simple rinsing or washing. Previous study (80) 

showed that, even in the absence of a bulk liquid phase, the surface-coated protease 

Subtilisin Carlsberg was able to the hydrolysis of solid-state egg white, the observed 

solid-solid-state catalysis was also sensitive to the changes of humidity and temperature. 

Such a finding proved the concept of solid-solid-state hydrolysis reaction although 

further demonstration of self-cleaning was not of a success. Possible reasons might be 

the procedures for stains curing and removing were not appropriate, or the chosen 

protease Subtilisin Carlsberg was not suitable for complicated biological stains. A pre-

screening test was performed to select appropriate enzymes fit for the self-cleaning 

demonstration. Thermoase C160 (EC 3.4.24.4), a natural metalloproteinase produced in 

culture broth of Bacillus thermoproteolyticus Rokko which was isolated from a hot spa 

in Japan in 1962 (216), was finally selected as model enzyme because of its significance 

in self-cleaning demonstration as discussed later. In addition, TC160 has excellent 

thermostability with half-life time over 1 hour at 80oC in aqueous solution. The 

preferred cleavage sites of TC160 are specifically the peptide bonds (-X-Y-) containing 

hydrophobic amino acid residues (153, 217). 

TC160 PU coating with a typically high surface activity (180 mU/cm2 

measured in activity assay), was used here as prototype bioactive coating. Although 

there was no direct conversion between activity measured in standard assay solution 

and functional activity observed in absence of bulk liquid phase, we did find a 
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proportional relationship between them which would be addressed later. Bugs with a 

higher protein content of bug are highly desired for self-cleaning purpose. Field 

crickets claimed to have high content of crude protein (58.3%) was therefore suitable 

here as simulated stains (218). The dry cricket was homogenized with water to mimic 

smashed flying bugs when splattered onto the driving car. Conditions, such as the 

dose, size and the number of applied stain drops, stain curing time and curing 

temperature, the rinsing/washing procedures, were all tuned and standardized here for 

qualitative and even quantitative comparison. Remarkably, self-cleaning effect 

against simulated stains was clearly shown (Figure 4-10), as expedite removal of 

homogenized cricket bodies was observed on TC160 coating.  

 

Figure 4-10 Anti-contamination tests against crushed cricket stain using TC160 PU 

coatings 

 Note: Templated crushed cricket bodies were applied onto the panel and dried by 

following the procedures described in Section 4.2.2.2. The stained panels were then washed in DI 

water under shaking (horizontal, 200 rpm). Photos were taken at different washing time to record 

the removal of the stain spots. The incorporation of enzyme (right) resulted in drastically 

accelerated removal of the stains compared to the enzyme-free control (left). The results were 

obtained by Wei Song (167). 

 

Washing time= 0 min             30 min                       60 min                          180 min 



 

 125 

It was noted that a variety of hydrolytic enzymes had been screened for self-

cleaning against bug stains, including various proteases such �-chymotrypsin, protease N, 

Subtilisin Carlsberg, protin SD, protease A, �-amylase SD80 and T10S, as well as lipase 

PS and A12. Interestingly only coating incorporated with TC160 exhibited the desired 

functionalities while others not. The reason was not so clear but possibly because TC160 

specifically hydrolyzes peptide bonds of bulky hydrophobic amino acid residues as Leu, 

Ile, Val, and Phe. And these hydrophobic groups might considerably contribute to the 

adhesion onto the coatings while hydrophilic groups can be relatively easier to be 

dissolved or washed away when contact with water. On the other hand, it should be 

clarified that so far only sole enzyme coating had been tested. Hence the possibilities are 

still great that a coating with multi-enzyme might have synergic effects in terms of self-

cleaning against complicated bug debris.  

To verify the observed self-cleaning function was truly due to a proteolytic 

activity of TC160, surface hydrophilicity/hydrophobicity was examined (Figure 4-5). 

Coating with 5%NV TC160 had a water contact angle of 75.8o while it was about 75o 

for enzyme-free coating. Due to such a small difference, it was unlikely that the self-

cleaning was caused by surface hydrophilicity/hydrophobicity. To exclude the effects of 

enzyme particles presence, coating with 5%NV pure protein BSA was prepared as 

control. Similar patterns of spherical particles were found in BSA coating but no 

capacity of self-cleaning was displayed (Figure 4-5). A more straight-forward 

comparison could be made was between one coating with active TC160, and the other 

with inactive TC160. Inactivation of TC160 coating could be conducted by an enzyme-
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specific inhibitor. TC160 is metalloprotease which has one zinc ion necessary for 

activity and four calcium ions for stability (65, 155, 219) and EDTA was reported as 

efficient inhibitor for metalloprotease by chelating these ions (157, 220). It was shown 

that the functional activity against the crushed insect bodies was mostly blocked by the 

inhibitor, what adduces the proof of biocatalytic principle. Additional experiment was 

conducted using coating with heat-inactivated TC160 as control. Again there was no 

functionality observed on the control. Moreover, Figure 4-11 illustrated the relationship 

between enzymatic activity of the coatings and the anti-contamination effects. It was in 

good agreement that lower activity would inevitably result in a longer removal time of 

bug stains. Such activity-dependent behaviour could be best explained by that apparent 

self-cleaning function was due to the inherent biocatalytic activity. Figure 4-11 also 

demonstrates that even a very low surface activity (about 24 mU/cm2) was sufficient to 

display the effects. Further attempt was performed to explore the lower limit of surface 

activity required for this type of self-cleaning. It was exemplified that the self-cleaning 

capacity vanished if the measured surface activity was below 10 mU/cm2. 
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Figure 4-11 Impact of enzyme surface activity on anti-contamination 

Proportional relationship was observed between enzymatic activity of the TC160 coatings 

and the average bug stain spot removal time, as higher surface activity less removal time was 

needed.  

 

It is a big challenge from defined lab conditions transferred to real-life road tests 

using bugs collected during the driving. A lot of factors are beyond control, such as bug 

debris loading, variation of bugs and their compositions, unexpected weathering and 

many others. By experience, a yield of 0.5 bug/cm2 could be achieved on the coated 

panels mounted onto the front bumper after 4 hours driving along with Mississippi River 

in a summer afternoon prior to predicted thunder storm (Figure 4-12a). Such a yield 

might be sufficient for visualization during self-cleaning tests. Evaluation was performed 

under defined conditions as washing the panels in the shaking DI water bath at 350 rpm. 
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Remarkably, comparing with control coating containing BSA, anti-contamination against 

bug debris on the TC160 coatings were successfully demonstrated within a time window 

of 5 min (Figure 4-12 b & c), qualitatively and quantitatively by counting the remaining 

bugs after a period of washing. Different road-tests conducted at different days and 

several locations. Although huge variation in types of smashed bug and yield were 

observed, similar results were obtained that TC160 coatings consistently had faster 

removal of real-life bug debris. The results obtained so far were dramatically encouraging 

for future exterior car coating applications.  
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Figure 4-12 Anti contamination against real-life bug stains collected on road 

(a) Bug debris collected on the coating panels mounted onto a car front bumper after 

driving on local highway for 4 hours. (b) TC160 coatings ( ) facilitated the removal of the 

bug debris as demonstrated by simple water washing compared to control coating containing 

BSA ( ). Bug remaining ratio (%) was defined as the number of bugs remained on the coating 

after specific period of washing divided by the initial number of bugs. (c) Photo of bug debris on 

the control (left) and TC160 coating (right) before and after washing for 5 min.  
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4.3.2.3 Durability of self-cleaning functionality 

 The reusability of coatings was tested using simulated crushed cricket bodies to 

unveil the stability of bioactive coatings. Two TC160 coatings were prepared and placed 

in the same water bath, one with higher surface activity (180 mU/cm2) on the left, and the 

other with less surface activity (23 mU/cm2) on the right. An enzyme-free blank coating 

was placed in the middle. Six times of reusing were conducted and facilitated removal of 

bug stains were consistently observed for both TC160 coatings, comparing with blank 

coatings (Figure 4-13). The large variation between each cycle made it difficult to draw 

conclusions between batch and batch, nevertheless it is still clearly illustrated in each 

batch that TC160 coating with higher activity generally needed shorter removal time. 

Functional activity was still retained for both coatings even after over 18 hours of 

extensive washing. 
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Figure 4-13 Reusing TC160 coatings for facilitated removal of crushed bug stains 

 Two TC160 coatings were used on the sides, left with higher surface activity (180 

mU/cm2) and right with lower activity (23 mU/cm2). Enzyme-free blank coating was used as 

control in the middle. Coatings were reused for six cycles with each cycle for 3 hours in the water 

bath shaking at 200 rpm. Between each cycle, the coatings were washed by running DI water 

(50mL/sec) for 3 min to remove any residue. Expedite removal of bug stains were consistently 

observed for TC160 coatings; TC160 coating with higher activity generally had shorter average 

removal time. 

 

We have developed a single-step approach for enzyme based smart coatings 

preparation, towards the specific applications on automotive exterior coat. TC160 was 

entrapped in the compact coatings as micrometer particles, with some exposed to the 

interface to ensure the coating surface biocatalytically active. In the absence of a bulk 

liquid phase, TC160 coating was able to protect coating instantly and effectively from 

crushed bugs contamination by biocatalytic principle that hydrolyzes sticky protein mess 

into small molecules. A surface activity as low as near 20 mU/cm2 was sufficient for self-

cleaning although a higher activity would be more beneficial. Six cycles of reusability in 

water positively showed the surfacial enzyme could be used for extended periods of time 

against washing. Screening showed that TC160 was the only suitable enzyme so far for 

self-cleaning against bugs although the possibility of other proteolytic enzymes in this 

respect cannot be excluded. Ongoing studies will explore the potentials of practical 

applications of bioactive coatings and investigate the multi-enzyme coating for synergic 

effects. Considering the complicity of bug debris in the real world, a multi-enzyme 
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system incorporated with various hydrolyases (e.g. �-amylase, lipase and protease seems 

more appealing in the future applications. 

 

4.3.3 Lipase coating for the removal of fingerprint 

Glossy surfaces of many consumer products get easily stained when touched with 

bare hands, resulting in the undesirable displaying of fingerprints and deterioration of the 

impression of cleanliness. Hence, anti-fingerprint coatings are considered to have broad 

applications, instant applications of anti-fingerprint in mind can be touch screen of smart 

phone, GPS systems in the car, laptop screen, and many others.  

As discussed earlier, prior art approaches aim to reduce the deposition of the 

fingerprint stains on a surface and facilitate its removal capitalize on the photocatalyst 

TiO2 or by the “ lotus-effect”  (129). These approaches either have limited applications or 

are lack of specificity against the stains. Therefore, there is a need for new materials or 

coatings that can actively promote the removal of fingerprints on the surface and 

minimize the requirement for maintenance cleaning.  

Human fingerprints are a complex mixture of natural secretions of eccrine and 

sebaceous glands (221, 222), as well as contaminants from various external sources. 

Considerable variation of fingerprint compositions exists between people from different 

ages and different genders. Typically, adult fingerprints yield more sebaceous secretions 

components with higher content of wax esters and glycerides, kids offer mostly aqueous 

saline for their print with higher cholesterol and cholesteryl esters (223). Cosmetic 

ingredients might often found in female fingerprints. Even the substances of the same 
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fingerprint would undergo chemical and physical changes over time. Nevertheless, 

general compositions of fingerprints are fatty acids, glycerides, hydrocarbons, alcohols, 

sterols, inorganic salts. Most abundant is squalene, as biosynthetic precursor in the 

synthesis of sterols, followed by long chain and thus less volatile esters of carboxylic 

acids (mainly C16-C18), free fatty acids (C12-C26, saturated and unsaturated), and 

cholesterol (222). Apparently some fingerprint constituent compounds, especially those 

high-molecular weight lipid contents (varied from 14% to 21%) (224), such as wax 

esters, glycerides and cholesterol esters, are susceptible to lipase catalyzed hydrolysis 

(transesterifications/esterification reactions might be also involved). The final 

degradation products as well as some of the intermediates - due to the promiscuity of 

lipases - might also serve as substrates for lipases. The hydrolyzed smaller molecules 

might evaporate easier, thus leading to anti-fingerprint effects (Figure 4-14). 



 

 134 

 

Figure 4-14 Scheme of anti-fingerprint by lipase coating 

 

However, since fingerprints stains comprise low volatile lipophilic substances like 

squalene which might disappear over time by evaporation, an elevated temperature was 

needed to illustrate the anti-fingerprint effects at a reasonable timeframe. By loading of 

the coating surface with fingerprints after touching face and skin followed by an 

incubation at room temperature over 24 hours, we have demonstrated above that a lipase-

containing coating was able to accelerate the removal of fingerprints even at an only 

slightly elevated temperatures. Currently it is not precisely known what is the lower 

temperature limit, but effects were observed at a temperature of 45°C. Anti-fingerprint 

effect was clearly demonstrated on the lipase coating comparing with blank coating after 
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incubation at ambient temperature for 3 days and under moderately heated conditions at 

65°C for a short period of 2.5 hours (Figure 4-15). This is the first time an active system 

on a polymer coating has been described. 

 

Figure 4-15 Anti-fingerprint by lipase coating 

Staining of a bioactive surface with fingerprints demonstrated the potential to accelerate 

the removal of fingerprints in comparison to enzyme-free blank coatings. The fingerprints on the 

coating were collected crossed over both blank coating (left) and lipase coating (right). Then the 

coatings were stored at ambient temperature for 3 days and then incubated at 65°C in the oven for 

2.5 h, followed by staining with flour powder for better visualization. 

 

Figure 4-16a further demonstrates a 40X magnified picture of the fingerprint 

after coloration with lipophilic colouring reagent Nile Red. The fingerprint was applied 

across both lipase coating and enzyme-free blank coating. On the lipase coating side the 

orange stripes almost disappeared, indicating the lipid content reduced dramatically 

comparing with that on the blank coating.  

In the other experiments, three types of coatings were used, control coating with 

5% NV �-amylase, lipase coating with 1% NV lipase A12, and coating with 0.63% NV 
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lipase A12 and 2.5% NV �-amylase. As can be taken from Figure 4-16b, lipase coatings 

revealed a facilitated removal of fingerprint stains. Obviously the hydrolyzed reactants 

evaporate faster than the unhydrolyzed counterparts on the enzyme-free blank coating. 

Co-immobilization of lipase and �-amylase came up in a reduced effect, implying that a 

certain lipase activity was required which could be achieved by increased lipase loading.  

 

 

Figure 4-16 Exploration of anti-fingerprint on the lipase coatings 

a. Fluorescent microscope image of fingerprint dyed with Nile Red.  

The fingerprints on the coating were collected crossed over both blank coating (left) and 

lipase coating (right). Then the coatings were stored at ambient temperature for 3 days and then 

incubated at 65°C in the oven for 2.5 h, followed by staining with Nile Red. 

b. Lipase coating with different enzyme loadings (from left to right: coating with 5%NV 

�-amylase and 0%NV lipase A12 used as control, coating with 1.25%NV lipase A12; coating 

with 2.5%NV �-amylase and 0.63%NV lipase A12). Fingerprints were applied cross over the 

juxtaposed coatings, and then the coatings were incubated for 1 day at room temperature followed 

by a period of 1 day incubation at 80oC.  

 

Control         Bioactive         Control        Lipase              
Lipase+ 

	-amylase 
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4.3.4 Replenishment of surfacial enzyme activity  

As discussed in Chapter 2, enzyme was incorporated into the 2K SB PU formula 

directly as their native form in aqueous solution. An emulsion was formed during 

polymerization, corresponding with enzyme particulates of micrometer sizes in the final 

cured thin coating. The enzyme particulates were confirmed to be hosted within the 3-D 

polymeric network across the enzyme-polymer interface, as a result of the physical 

entrapment and possible cross-linking reaction between the enzymes through free amino 

groups and polyurethane precursors via isocynate groups, although the reaction might 

rarely happen since enzymes were dispersed in separated aqueous phase during 

polymerization. Some spheres appear to be exposed to the polymer-air interface, 

presumably contributing to highly activity biocatalytic function for the degradation of 

biological stains that cause surface contamination. At the same time, most of enzymes are 

embedded in bioactive polyurethane coatings. Our assumption is that these enzymes 

remain active and therefore could be served as “ reservoir”  for self-cleaning function. If 

enzyme activity displayed at the surface gets lost due to leaching or deactivation, new 

and fresh enzyme underneath the surface can be uncovered by moderate wear or abrasion, 

or self-degradation/erosion of polymer via time, rendering the coating functionable 

throughout its life time.  

It is proved in Figure 4-17a that only enzyme molecules located at the surface 

(<2%) were able to leach out when incubated in the water at room temperature even after 

1 month while most enzyme stayed permanently in the coating. Figure 4-17b shows that 

the surface activity was greatly reduced after 1 month incubation in DI water; best 
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explainable by the leaching of the enzyme �-amylase. However, the activity can be fully 

recovered by wearing, presumably by uncovering of enzyme molecules beneath the 

surface. Enzyme retained similar spherical particle formations in the coatings even after 1 

month incubation (Figure 4-17c). This might indicate that enzyme retained most of their 

native structure and activity during incubation.  

Similar results were obtained when TC160 was incorporated (Figure 4-18). The 

initial activity was tremendously decreased when exposed to water when TC160 located 

on surface got washed. However, only surfacial TC160 got detached and no enzyme 

molecules from inside were able to leach out. Wiping of the surface uncovered enzyme 

molecules beneath the surface, thus reconstitute the same or even higher activity if more 

enzyme were exposed than the enzyme molecules initially located on the surface. As also 

indicated in Figure 4-18, this activity reconstitution was repeatedly possible. 
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Figure 4-17 Release of surfacial �-amylase from PU coatings 

c 

b 

a 
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�-amylase-containing coatings were incubated in DI water for certain period and then 

characterized to determined the released enzyme amount from the coating and the remaining 

activity of coating surface. (a) Released protein amount measured by BCA assay then calculated 

based on the total protein of the coatings incubated. (b) The remaining activity of coating 

measured by standard activity assay after 720 hours of incubation in water. Before wiping only 

surfacial enzyme activity ( ) was measured, while activity of entrapped enzyme in the coating 

( ) was determined after wiping. (c) SEM characterization of coating cross-section after 

incubation for 720 hours in DI water. 

 

Figure 4-18 Regeneration of TC160 coating surface activity by simple wiping 

The functional surface of bioactive coatings was disable after 15 hours washing when 

surfacial enzyme detached, but it was regenerated after simple wiping by fine sandpaper (800 

grit), as illustrated by TC160 SB PU coating with several cycles of washing-wiping. The initial 

surface activity without wiping was used as reference. 
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The self-cleaning function was illustrated by the sliding-down of light 

mayonnaise stain drops on the part of �-amylase-containing coating when tilted at 60o, as 

a result of the hydrolytic activity of enzyme (Figure 4-3c). With gentle wiping of the 

surface, the self-cleaning function of �-amylase-containing coatings can be reused for 

more than 50 times (Figure 4-7b), even though there was a slight deterioration of the 

performance as a function of reusing cycles, presumably due to physical blocking effects 

of residues from previous contamination tests which subsequently reduced the exposure 

of the enzyme.   

 

4.4 Conclusions 

As demonstrated above, expected defensive activities were observed for enzyme-

containing solvent-born polyurethane coatings against a variety of samples including 

barbeque sauce, salad dressing and mayonnaise. Followed the similar methodologies as 

described in Section 4.2.2.1, successful self-cleaning demonstrations were also extended 

to egg white and blood, by protease and lipase coatings, respectively. It was interesting to 

compare the defensive activities of different types of coatings by comparing the 

accelerating removal factor for self-cleaning, which was defined as the value of the time 

needed to remove the stains on regular control coatings in a water bath under shaking at 

200 rpm divided by that required by enzyme coatings. In comparison to control coatings, 

with no exception accelerated removal of stains were always observed on enzyme 

coatings, with the accelerating removal factor as high as 105 (Figure 4-19). 
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Figure 4-19 Anti-contamination activities by enzyme coatings against organic stains 

Accelerated removal of stains: time was monitored for stain removal when coated surfaces 

were horizontally shaken in a water bath. The acceleration factor was defined as the ratio of the 

average time needed for stain removal from regular coatings vs. that for bioactive coatings for the 

same type of stain. 

In summary, we demonstrated for the first time that biological self-defence 

mechanisms in nature can be transferred to enzyme-based bioactive coatings, generating 

anti-contaminating functional materials. It appeared that enzymes located at the outer 

surface enabled such functionality by degrading biomacromolecules at the coating-stain 

interface, where stain binding may occur in the absence of enzymes. The uniqueness of 
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such functional materials is probably what is afforded by the high selectivity of the 

biocatalysts, against a variety of organic stains.  

Furthermore, we demonstrated that such self-cleaning functionality was renewable 

by simple wiping, with activities resumed for being used for over 50 testing cycles. By 

this way, the effectiveness of the smart coating functionality may comply with the 

longevity of coating products.  

The results from current work may lead to the design of a new array of smart 

organic materials possessing tuneable and highly selective functionalities such as anti-

microbial, self-sensing and self-healing, in addition to self-cleaning. 
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5 STABILITY OF BIOACTIVE COATINGS AGAINST 

WEATHERING FACTORS  

5.1 Introduction 

 As well known that free enzymes are prone to be unfolded and denatured by a 

variety of factors such as heat, light and water (24). In many cases, the stability of 

enzymes has been considered as biggest barriers for the development of enzyme based 

functional materials. Immobilization of enzymes onto/into solid carriers not only helps to 

increase the ease in catalyst recycling and product purification, but generally enhances 

the stability of biocatalyst. In this chapter we will investigate the durability performance 

of enzyme after being incorporated into the PU coating under harsh environmental 

factors, mainly heat and water. Based on these results the further optimization strategies 

will be proposed.   

5.2 Materials and methods 

5.2.1 Thermostability at dry conditions 

The thermostability of dry bioactive coatings was determined at specified high 

temperatures controlled by desiccant oven. The purified enzyme was served as control by 

spreading the solution in the glass vial, drying using air flow to yield a thin film on the 

vial bottom. Both dry native enzyme and enzyme coating were incubated in the oven at 

specific temperature. After a certain storage periods, samples were removed and assayed 

for activity as described in Section 2.2.3.. The activity of both free enzyme and surfacial 
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enzyme on the coating was determined directly, while the activity of entrapped enzyme in 

the coating was measured after wiping the coating surface as discussed in Section 4.2.4.  

5.2.2 Thermostability tests at wet conditions 

Both enzyme coating and free enzyme were incubated in DI water at 80oC for a 

period prior to the activity assay. The activity of both free enzyme and surfacial enzyme 

on the coating was determined directly, while the activity of entrapped enzyme in the 

coating was measured after wiping the coating surface as discussed in Section 4.2.4.  

5.2.3 Stability of enzyme coatings against extensive water washing 

Enzyme coatings were pre-washed under running DI water at 50mL/sec for 3 min 

and then incubated in 2mL DI water for a specific of period under shaking at 200 rpm. 

The coatings were removed from the washing solution and rinsed by DI water for another 

3 min prior to the activity assay. The activity of surfacial enzyme on the coating was 

determined directly, while the activity of entrapped enzyme in the coating was measured 

after wiping the coating surface as discussed in Section 4.2.4.  

 

5.3 Results and discussions 

5.3.1 Stability of enzyme coatings against heat 

Self-cleaning bioactive coatings would mostly use at relative dry conditions 

where often bulk water is not present, thus the thermostability of coatings at dry 

conditions drawn our first attention. In standard procedures, it was proved that the 
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enzymes could survive the polymerization process as well as a curing step at 83°C for 4 

hours. Our further tests showed that surfacial enzyme on the coating possessed much 

improved thermal stability, comparing with its native counterparts. For example, native 

α-amylase powder lost activity within 5 days of heating at 83°C, whereas the enzyme 

coating maintained activity for over one month (Figure 5-1). At slightly increased 

temperature close to ambient temperature such as 40°C, α-amylase coating showed no 

apparent surface activity loss at all for over 3 months, while the native enzyme had a half 

lifetime of ~ 40 days. The enhancement in thermal stability for surfacial enzyme on the 

SB PU coating was possible due to less unfolding of proteins in partly confined space 

such as some voids at/near the coating surface (175, 180).  

Unlike α-amylase, native TC160 itself was intrinsically thermophilic (61, 62, 

155). Both TC160 coating and native TC160 were comparable stable, either at ambient 

conditions or at high temperatures. No detectable activity loss was observed for TC160 

coating at ambient conditions after a year. Similar results were obtained for protease N 

coating which maintained its most of activity (>80%) at 80oC even for a year. 

Above results indicate that the thermostability of enzyme is not a serious issue 

when incorporated in bioactive coatings. This is important since biocatalysts have 

traditionally been considered to be strictly restricted to a narrow range of conditions, 

while enzyme coatings greatly expand the practical applications in this aspect owing to 

their great thermostability. Consequently further optimization would focus on 

improvement on stability against other factors, e.g. extensive water washing, which 
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would probably bring more serious durability concerns, especially for surfacial enzyme 

molecules. 
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Figure 5-1 Thermostability of native �-amylase and �-amylase PU coating  

 Thermostability of native �-amylase (a) and �-amylase coating (b) at high temperatures 

under dry conditions: 83oC ( ), 100oC ( ) and 120oC ( ) . The half-life times were 

summarized in (c). 

 
 

5.3.2 Stability of enzyme coatings against water 

Though self-cleaning bioactive coatings would mostly use at dry conditions, the 

detrimental effects brought by environmental factor such as raining or washing can’ t be 

neglected. In this section, coatings were incubated in water under shaking and stability of 

coatings in wet conditions was investigated.  

As shown in Figure 5-2, the amylase coating suffered rapid activity loss when 

incubated in the water. More than 80% loss of apparent surface activity was observed 

c 
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after incubating in DI water for 30 min. Figure 5-3 indicated that only surfacial enzyme 

was able to release while most enzymes (>98%) stayed permanently in the coating. The 

enzyme entrapped in the coating can be recovered, as discussed in Section 4.2.4. Similar 

results were obtained for TC160 coatings. Only surfacial enzyme got detached, but no 

enzyme molecules from inside the coatings were able to release out. 

 

Figure 5-2 Relative surface activity of �-amylase coating after extensive washing  

The results were obtained by Wei Song (167). 
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Figure 5-3 Relative amount of released enzymes in washing solution  
Released enzyme amount from SB PU coating to washing solution was determined by 

BCA assay, and then the relative amount was calculated based on the total protein in that coating. 

Both �-amylase ( ) and TC160 ( ) coatings were tested.  

 

Such a result might help to answer some fundamental questions 1) was the easy-

cleaning functionality based on free or permanently immobilized enzyme? 2) To which 

extent immobilized enzyme could contribute to the degradation of the stain? According to 

the results so far, most of the measured enzyme activity was contributed by the released 

enzyme in activity assay within the first 10 min. Additionally, higher activity was always 

associated with faster removal of stains. Hence, it would be safe to say the portion of 

released enzyme with certain flexibility, would be the part that was beneficial for self-

cleaning functions. Consider the sizes of stains which in general are much larger than the 

enzymes themselves, it is quite reasonable to assume that enzyme molecules need to have 
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some flexibility to act on the stains. Released enzymes are believed to have such 

potential, whereas those partly linked enzymes with the coating surface can’ t be 

neglected. On the other hand, the lack of flexibility might prevent fully fixed enzyme 

from function on this aspect. 

5.3.3 Stability of enzyme coatings against combined heat and water 

Extremely harsh weathering with combined water and heat was simulated to test 

the stability of enzyme coatings. The native �-amylase lost completely its activity within 

the 1st hour of incubation, whereas the enzyme entrapped in solvent-born polyurethane 

coatings maintained about 30% relative activity after 3 hours incubation (Figure ). The 

coating surface activity decreased rapidly within half hour, most not because of the 

inactivation of surfacial enzyme (as indicated by stability of native enzyme) but the fast 

detachment of surfacial enzyme molecules when contact with hot water.  
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Figure 5-4 Thermostability of free enzyme, surfacial enzyme and entrapped enzyme 

at 80oC DI water 

Stability of entrapped �-amylase in the coatings ( ) showed a remarkable enhancement 

in stability against thermal inactivation when incubated in hot water, in comparison with native �-

amylase ( ) and surfacial �-amylase located at/near the coating surface ( ). 

 

5.4 Conclusions 

 Weathering factors impact on enzyme stability is summarized in Table 5-1. The 

maturity of the current permanent bioactive coatings for practical applications was 

demonstrated by the long-lasting thermostability of enzymes coating at dry conditions. 

However, it suffered rapid activity loss under water washing. The observed loss of 

activity of coating was mainly due to a fast release of the enzyme located on the surface. 

And the release enzyme was believed to be beneficial to the self-cleaning activity. The 

combined weathering factors (heat + water) had detrimental effects on both surfacial 

enzyme and enzyme in the coating, but the latter displayed a much better stability than 

the former and native ones. Since combined weathering factors (heat + water) are much 

less frequent to be faced in practical applications, the following Chapter 6 will mainly 

examine strategies that could help to exert a better control of surfacial enzyme release 

from the surface at room temperature, by an appropriate degree of additional crosslinking 

between enzyme and polymer or other methods. At the same time understanding of the 

fundamentals behinds these strategies would be explored for directed optimization.  
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Table 5-1 Impact of weathering factors on the stability of enzyme PU coatings 

 Surfacial 
enzyme Enzyme in the coating 

Heat 
  

Water 
  

Heat + water 
  

�

�

�

� �

� � �

� � �

� � �

� � �

 

Note: 
Almost no 

impact 
Some 
impact 

Severe 
inactivation 
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6 OPTIMIZATION STRATEGIES FOR THE CONTROLLED 

ENZYME RELEASE FROM PU COATING SURFACE 

6.1 Introduction 

 One of the main challenges is always motioned for smart coating products when 

incorporated with the enzymes, how to remain the stability of incorporated enzymes for 

hundreds or even thousands of times within a reasonable product time frame, especially 

those enzyme molecules near the surface which is more related with surface-related 

functionalities (e.g. self-cleaning). Numerous environmental factors can results in loss of 

enzyme activity from the coating, such as heat, UV, pressure, mechanical abrasion, water 

washing or combined. In Chapter 5, we have demonstrated great thermostability of 

enzyme coating at dry conditions and hence it is not an urgent issue. However, it has been 

pointed out that the coating suffered rapid activity loss after water washing and therefore 

become the major bottleneck for bioactive coatings application. The loss of activity was 

identified mainly due to the release of surfacial enzyme while enzyme in the bulk 

polymer remained intact. 

 As indicated by Chapter 3, stabilization of enzymes by uniform molecular 

distribution within the confinement of polymer matrix gave us the hint if we could 

achieve the same degree of stabilization in SB PU coating. Inspired by this, in this 

chapter we would examine various parameters during preparation to obtain smaller 

enzyme particles and more homogeneous distribution. We expect such configuration 

might be beneficial for enhanced stability and better control of release, as well as 
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improved self-cleaning functionalities. The effects of parameters on the properties of 

resultant enzyme SB PU coatings were fully evaluated, such as enzyme entity formation 

in the coating and enzyme distribution, coating surface activity, and stability against 

water washing. The enzyme particle formation and distribution could be characterized by 

fluorescent microscope or laser confocol scanning microscope on dyed enzymes, or by 

SEM, whereas activity and stability was evaluated by enzymatic activity assay. Model 

enzyme, �-amylase was used due to its clear spherical particle formation. By this way, 

the following scientific aspects upon the adjustment would be illustrated: (1) Correlation 

between enzyme activity/stability and distribution in respects of size and homogeneity; 

(2) Relationship between stress/strain of coating’ s polymer network vs. enzyme stability 

and durability; and (3) Relationship between extent/degree of chemical covalent binding 

vs. performance of enzymes.  

Proven effective adjustment for �-amylase coatings would also be applied for the 

secondary enzyme TC160, to test whether the adjustment of parameters had similar 

impact on other enzymes when incorporated in the SB PU coatings. 

6.2 Materials and methods 

6.2.1 Materials, bioactive coating preparation and characterization  

 Please refer to Section 2.2.  

6.2.2 Stability against water washing 

 Please refer to Section 5.2.3.  
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6.2.3 Enzyme coating prepared using WB formula  

 Purified enzyme (�-amylase or TC160) was dissolved in deionized water (DIW) 

at designated concentration. Bayhydrol XP 7093 polyester emulsion resin 1.5 g was 

weighted and mixed with 1.5 mL of enzyme solution and 361 �L surfactant BYK 333 

(17% w/v in 1-butano1). The mixture was further agitated at 800 rpm by mechanical 

stirring for 5 min at room temperature (RT), and then 0.6 g of BAYHYDUR 302 was 

added into the mixture as cross-linker. After stirred for another 1 min at 800 rpm, the 

mixture was then immediately drawn down onto the aluminum testing panels via 8-path 

wet film applicator (Paul N. Gardner, Pompano Beach, FL) in the predetermined 

thickness of 2-4 mil and cured in the oven at 83 oC for 30 min and placed at room 

temperature (RT) for 3 days. The resulting panels with 1 mil thick coating were cut by 

light duty bench-top Shear (McMaster, Robbinsville, NJ) into small pieces with uniform 

area 1.2×1.9 cm2 and flat surface for further tests. 

 

6.3 Results and discussions 

6.3.1 Overview of decisive parameters for optimization 

Adjustment of parameters started from standard preparation procedures of 

bioactive coatings as described Section 2.2.2, aiming to decrease the size of enzyme 

particle/agglomerates and to improve the distribution. Each time only one parameter was 

adjusted from the standard protocol, while other parameters remained the same as 

standard procedures. According to the hypothetic model, besides the surface tension at 
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oil/water interface, the possible forces enforcing enzyme agglomerates formation in the 

bioactive coating are combination of Coulomb forces, hydrogen bridge bond, van-der-

Waals’  forces and physical intertangling among protein peptides chains (Figure 6-1). 

Therefore, interested parameters should have potential to disrupt these forces by 

transmitting the enzyme solutions sufficient shearing force, or by promoting crosslinking 

between crosslinker and enzyme, or by decreasing enzyme interactions, or by enhancing 

wetting capability between organic/water phases. Accordingly, the parameters that are to 

provide such potentials are listed in Table 6-1. 

The pH of enzyme solution could be adjusted by addition of concentrated NaOH 

or HCl at room temperature to purified enzyme solution (pH around neutral 7.0) to 

achieved the desired pHs ranging from 5 to 10.  

In standard procedures, enzyme concentration was 200 mg/ml, equivalent to a 

loading of 5%w/w in the total weight of final dry coating. The loading could be 

controlled by alternation of enzyme concentration in aqueous solutions prior to mixing.   

Stirring intensity and duration might be controlled by adjusting mechanical 

stirrer. Extended mixing time was also studied by extending the mixing process of final 

admixture, resin and crosslinker, enzyme solution, from 1 min to 60 min.  

The oil/water phase ratio in the standard was 2. To investigate the impacts of 

phase ratio, the volume and concentration of enzyme solution were varied while the 

volume of oil phase and total enzyme amount was kept constant.  
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For a two-component polyurethane coating formulation, NCO/OH ratio is one of 

the key parameters to modify resultant film properties. A film of higher NCO/OH ratio 

tends to be harder and more chemical resistant. In the standard procedures, a NCO/OH 

ratio of 1.2 was used. Change of NCO/OH ratio was achieved by changing the amount of 

resin and crosslinker in the formula.  

Pre-crosslinking enzymes with relatively hydrophilic water borne (WB) 

crosslinker Bayhydur 302 (B302) was carried out prior to the adding to the SB formula. 

The enzyme/B302 ratio was 2.5 based on weight. After 30 min shaking at 600 rpm, the 

resultant enzyme-isocyanate aggregates were then added to 2K SB PU formula.  

 Enzyme coating prepared using WB formula was described in Section 6.2.3. 

Some combined methods as described above were also explored for a better 

coating performance. For instance, post-addition of surfactant BYK 333 was explored by 

adding surfactant after resin and crosslinker, enzyme solution had been mixed for a 

specific period. After admixture of the surfactant, the mixture was allowed to mix for 

another one min.  

 



 

 159 

Figure 6-1 Analysis of potential factors enforcing the enzymes as spherical 

particles/agglomerates 

 
 

Table 6-1 Potential decisive parameters to decrease size of enzyme agglomerates 

Changes of Parameters Potential effects 

Increase pH of enzyme 

solution 

Affect electrostatic interactions among enzyme and promote 

reaction between enzyme and crosslinker 

Increase NCO/OH ratio Offer extra crosslinkers to link enzyme 

Pre-crosslinking 
Enhance accessibility by using hydrophilic crosslinker, thus 

promote crosslinking reaction between enzyme and crosslinker 

Extend mixing time Promote crosslinking reaction and provide more shearing energy 

Increase stirring intensity Increase shear force to break down the enzyme agglomerates  

Post-addition of 

surfactant BYK 333 
Avoid surfactant at the interface to hamper crosslinking 

Decrease Oil/water (O/W) 

ratio 
Increase shear force to break down the enzyme agglomerates 

Decrease enzyme loading 
Decrease enzyme concentration thus reduced interaction among 

enzyme molecules 

Switch to suitable Enhance wetting capability between enzyme agglomerate surface 



 

 160 

surfactant and hydrophobic crosslinker 

6.3.2 Impact of parameters on �-amylase coatings 

6.3.2.1  pH of enzyme aqueous solutions 

pH of �-amylase solutions has a significant impact on enzyme particle size and 

distribution when incorporated in the coatings (Figure 6-2). High pH yielded 

significantly smaller particles, with average particle size decreased from about 2.5 �m at 

pH 5.9 to 1.2 �m at pH 10, as shown in Figure 6-2a-f. Such a tendency was further 

verified by SEM characterization as shown in Figure 6-2 g-h.  

6.3.2.2 O/W phase ratio 

Phase ratio is one of very important parameters for the formation of emulsified 

droplets. A wide range of phase ratio had been investigated from 2 to 5. Figure 6-3 

indicated that the phase ratio played a significant role on the size and distribution of 

enzyme aggregate particles. Enzyme particles tend to become larger when oil-water 

phase ratio increased. Some are found even more than 10 µm in diameter and a broad size 

distribution is observed when the phase ratio=5, while phase ratio less than 3 leads to 

smaller sizes and a narrower size distribution. The reason might be due to the decreased 

viscosity when more solvent was added. Thus shear force applied at the same stirring 

intensity to the enzyme solution reduced too.  
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Figure 6-2 Impact of pH on enzyme particle size distribution and surface activity  
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From (a)-(e), �-amylase solution was adjusted to pH 5.9, 6.8, 8.0, 9.0 and 10.0. In fully 

cured solvent-borne coatings enzymes were present as spherical aggregates throughout the 

coating as confirmed by fluorescent microscope. The size and distribution of enzyme spheres 

were greatly affected by pH. Higher pH resulted in smaller spheres and hence more uniform 

distribution, as evaluated by ImageJ software (f). SEM at coating cross-section showed similar 

observation, as specified at g) (pH 5.9) and (h) (pH 9.0). Scale bars in all figures were 20 �m.  

 

 

Figure 6-3 CLSM images of �-amylase-SB PU films with different O/W phase ratios  
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 (a) O/W=2; (b) O/W=3; (c) O/W=5; (d) O/W ratio effects on average particle size. 

Average particle size increased with decreased O/W ratio, while particle number increased. The 

particle sizes were evaluated by ImageJ software. Dyed �-amylase (200 mg/ml) solution at same 

pH (6.8) was mixed with SB PU coating formula. The phase ratio was determined by comparing 

the solvent volume with enzyme solution volume. After curing, the coatings were characterized 

by CLSM. These results were obtained by Wei Song (167).  

 

6.3.2.3 Mixing speed 

Increased stirring intensity is based on the assumption that it may transfer more 

shear forces to break down the aqueous droplets. As shown in Figure 6-4, clearly there is 

a tendency that mixing speed would have some impact on the size of enzyme aggregates. 

With the increase of mixing speed, much smaller and uniform enzyme aggregates were 

obtained. However, merely increased mechanical stirring intensity after 800 rpm appears 

to have no contribution to the size reduction, probably it had reached a 

thermodynamically stable state at such a high speed stirring. Additional experiments 

showed that the emulsion of admixture composed of enzyme solution and coating 

formula was quite stable once formed after stirring at 800 rpm, re-agglomeration of the 

enzyme solution was not observed even after 12 hours.  
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Figure 6-4 Effects of mixing speed on the enzyme particle size 

Average particle size at different stirring speeds showed that increased stirring speed did 

lead to the decrease in enzyme particle size. However, the effects became insignificant after the 

speed was more than 800 rpm. The particle sizes were evaluated by ImageJ software. These 

results were mainly obtained by Wei Song (167). 

 

6.3.2.4 Enzyme loading 

Considering the effects of protein loadings on the protein itself, it is found that the 

amount of protein particles was linearly increased with loadings (Figure 6-5). CLSM 

characterization with better contrast also clearly illustrates that the portion of large 

particle size was slightly increased with the loading, as shown in Figure 6-5a-d, possible 

due to less “ crowding”  effects with diluted enzyme concentration. At the same time, the 

mean fluorescent intensity and the number of particles increased proportionally with the 

enzyme loadings (Figure 6-5e). 
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Figure 6-5 CLSM images of SB PU films with different �-amylase loadings 

(a) 0%; (b) 1.25%; (c) 2.5%; (d) 5.0%; e) Enzyme loading effects on mean fluorescent 

intensity and average particle diameter. Average particle size at different loadings showed that 

increased enzyme loading did lead to the proportional increase in fluorescent intensity (associated 

with enzyme particle number) and slight increase in particle size. The particle sizes were 

evaluated by ImageJ software, whereas fluorescent intensity was analyzed by Photoshop 8.0 

software. These results were mainly obtained by Wei Song (167). 

 

6.3.2.5 Mixing time  

The extension of mixing (reaction) time is supposed to be beneficial since it might 

give the enzyme and isocyanate more chance to react. However, no significant difference 

in spherical particles structure is displayed among different reaction ranging from 1 min 

to 60 min (Figure 6-6). It might because of the relative stable emulsion of admixture 

composed of enzyme solution and coating formula once formed. Nevertheless, further 

investigation on enhancement on stability against leaching by extended mixing time 

would be discussed.  
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Figure 6-6 Effects of stirring time on the enzyme particle size  

(a) SEM figures of mixing time effects on �-amylase coatings. Coating cross-sections 

were characterized. Stirring speed was kept constant at 2000 rpm. (b) Average particle size at 

different stirring time showed that stirring time did not exert significant effects on enzyme 

particle size. The average particle sizes were evaluated by ImageJ software. 

b 
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6.3.2.6 Switching to WB formula 

Dramatically decrease in enzyme particle sizes is found in 2K �-amylase WB 

coating by CLSM (Figure 6-7a), comparing with SB counterpart (Figure 6-7b). SEM 

characterization of coating cross-section reveals the dots formation with average size 

approximately 250 nm (Figure 6-7c), distinctly from those micron spherical particles in 

SB coating (Figure 6-7d). The size of dots in Figure 6-7c is in good agreement with 

those green particles in Figure 6-7a, more uniform distribution was observed due to the 

decreased size. So far it is smallest particle size we have achieved.   
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Figure 6-7 Comparison between �-amylase WB coating and SB coating 

(a) CLSM figure of �-amylase WB PU coating; (b) SEM figure of �-amylase WB PU 

coating; (c) CLSM figure of �-amylase SB PU coating; (d) SEM figure of �-amylase SB PU 

coating. Average dot size in (c) was approximately 200 nm uniformly distributed 

throughout the coating, whereas spherical particles in (d) were about 2.4 µm with large 

size distribution. These dots in (b) were believed to be enzyme due to their sizes was in 

good agreement with those green enzyme dots specifically labelled with fluorescent dye 

shown in (a). (a) and (b) were obtained by Wei Song (167). 

 

6.3.2.7 NCO/OH ratio 

NCO/OH has also great influence on enzyme particle sizes as exemplified in 

Figure 6-8a-e: smaller particle size was obtained when a higher NCO/OH was used. That 

is possible because higher NCO/OH ratio could offer extra crosslinkers to promote 

crosslinking between NCO and enzyme. 

6.3.2.8 Summary 

From above results and discussion, a number of parameters offer the potentials 

that can control the size of enzyme particles in the coatings. The significance of impact of 

each parameter investigated is summarized in Table 6-2. Some parameters that were not 

discussed might also have effects on the formation of enzyme particles, such as surfactant 

types, post-addition of surfactant and pre-crosslinking with hydrophilic crosslinker, 

which are still undergoing investigation. The exploration of possible relationship between 

particle size and crosslinking degree would be discussed in Section 6.3.3. 
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Figure 6-8 Fluorescent microscope images of SB �-amylase PU films with different 

NCO/OH ratios 

(a) NCO/OH=0.7; (b) NCO/OH=1.2; (c) NCO/OH=1.3; (d) NCO/OH=2.0; (e) NCO/OH 

ratio effects on average particle diameter. Higher NCO/OH ratio would lead to lower average 

particle size. The sizes were evaluated by ImageJ software. 

 

Table 6-2 List of parameters possessing potential impact on enzyme particle size and 

distribution in PU coating 

 

6.3.3 Relationship between particles size and crosslinking degree 

Particles size tuned by pH is used to illustrate the relationship between particle 

size and surface activity. As discussed in the Section 6.3.2, higher pH would result in 



 

 173 

small particles. Determined coating surface activity was in proportional to the particle 

size (Figure 6-9). Generally, larger particles led to higher apparent surface activity, 

possible due to less crosslinking exerted onto the enzymes. At high pH, amines on 

enzyme surface were deprotonated, more crosslinking was promoted between enzyme 

molecules and isocynates. Such chemical binding force at the interface would help to 

overcome the surface tension and to disrupt the attraction (e.g. van-der-Walls’  force, 

Hydrogen bond) among the enzyme molecules in the aqueous solution, thus help to 

reduce the size.  

An experiment was designed to verify this assumption monitored by ATR-FTIR 

(Figure 6-10). Free �-amylase solution (200 mg/ml) at different pHs (9.5, 6.8, and 5.0) 

was mixed with crosslinker N3600 directly, NCO peak at 2273 cm-1 was recorded during 

a specific period. As shown in Figure 6-10, the order of NCO consumption rate was: 

enzyme solution at pH 9.5> enzyme solution at pH 6.8 > enzyme solution at pH 5.0 > 

water at all pHs, indicating a higher pH did promote the crosslinking between the enzyme 

and the polyisocyanate.  
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Figure 6-9 Relationship between particle size and coating surface activity 

Note: Particle size was in proportional to the apparent surface activity.  
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Figure 6-10 Relationship between NCO consumption rate and pHs of �-amylase 

solutions  

Free �-amylase solution (200 mg/ml) at pH 9.5 ( ), 6.7 ( ) and 5.0 ( ) was 

mixed with crosslinker agent N3600 directly with NCO peak at 2273 cm-1 monitored. Water 

solutions with corresponding pH 9.5 ( ), 6.7 ( ) and 5.0 ( ) were used as controls.  

 

Similar results that surface activity proportional to the particle size were also 

observed when other parameters were adjusted. On the other hand, as smaller the particle 

size, the larger surface exposure area would expose to the crosslinker, as estimated in 

Figure 6-11. Though it is still difficult to determine whether high crosslinking degree 

leads to size reduction, or decreased size leads to higher crosslinking degree, it is clear 

that they are mutual promoted. Accordingly, as higher the crosslinking degree, 
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stabilization might be enhanced. Also it is obvious that reduction in size helps to improve 

enzyme distribution. Enzyme distribution in the coating at molecular level (similar as 

enzyme entrapped into hydrogel nanocage) was the ultimate goal. Upon adjustment of 

different parameters, we have successfully reduced the size to hundred nanometres and 

obtained better homogenous distribution (e.g. 250 nm of particle when WB formula was 

used). In Section 6.3.4, we would test the stability of these adjusted coatings against 

water washing.  

 

 
Figure 6-11 Estimated relative surface/volume ratio (S/V) of enzyme agglomerates 

with different particle sizes 

Note: The calculation was based on 5% NV enzyme loading. Targeted S/V at molecular 

distribution (101 nm) was used as reference.  
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6.3.4 Impact of parameters on �-amylase leaching resistance 

6.3.4.1 pH of enzyme solution 

A serious concern raised for bioactive coatings prepared by standard protocol is 

that the surfacial enzyme would leach out from the surface when contact with water 

within a short period (~30 min), as discussed in Chapter 6.3.5. µBCA assay demonstrated 

that the majority of the enzyme (>98%) stays permanently in the coating, which was 

proved for both �-amylase and TC160 coatings (Figure 5-3). Whereas the activity can be 

recovered by wiping as discussed in Section 4.3.4, it would be beneficial to stabilize the 

enzyme especially at/near the surface to render the surface functionable for a longer 

period. The release of enzyme from the surface during water washing is due to no/weak 

crosslinking between enzyme and crosslinker, therefore increasing crosslinking degree 

might be a good remedy to postpone the release rate. As we discussed in Section 6.3.3, 

size reduction helps to enhance the degree of crosslinking. However, it needs to point out 

that the enzyme requires certain flexibility to function against stain molecules. Thus, our 

target is not to fix the enzyme permanently on the surface. The degree at which the 

enzyme has sufficient flexibility has not been clearly elucidated so far, here we would 

uncover here whether the crosslinking improves the surfacial enzyme durability from 

water washing.  

Our results showed that changing the pH had a tremendous impact on activity and 

also on releasing behaviour (Figure 6-12). Low pH of the enzyme solution resulted in 

bigger particle and a higher activity. As confirmed by both µBCA assay of released 

protein amount in washing solution, more �-amylase was released from the coating 
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prepared at low pHs. Vice versa high pH gave smaller particles and a reduced leaching, 

while it was accompanied by a lower activity and much improved stability.  

 

Figure 6-12 Relative amount of �-amylase in washing solution released from PU 

coatings prepared at different pH of enzyme solutions  

Coating piece was immerged into 2.0 mL DI water in the glass vial. µBCA assay was 

used to determine protein amount released in DI water after 2 hours washing. Release amount of 

enzyme coatings prepared at two enzyme solution pHs: pH 6.8 ( ) and pH 9.0 ( ). 

 

6.3.4.2 NCO/OH ratio 

NCO/OH ratio, as one of the effective strategies to control the enzyme particle 

size, was also investigated here. Our results show that increased NCO/OH had a positive 

impact on released enzyme amount. As confirmed by µBCA assay of released protein 

amount in washing solution, only 0.14% protein was released from the coating surface at 
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NCO/OH=2 comparing 0.9% at NCO/OH=1.2 (Figure 6-13), with a reduction of 80% 

recorded. 

 

Figure 6-13 Relative amount of �-amylase released from PU coatings prepared at 

with different NCO/OH ratios 

Leached enzyme amount in washing solution was determined by µBCA assay, and then 

the relative amount was calculated based on the total protein in that coating. Coating piece was 

immerged into 2.0 mL DI water in the glass vial. µBCA assay was used to determine protein 

amount released in DI water after 2 hours washing. Then the relative amount was calculated 

based on the total protein in that coating. 

 

6.3.4.3 Switching to WB formula 

As discussed in previous section, when totally switched to WB formula, the size 

was successfully reduced 10 fold. µBCA assay did not detect any released protein 

amount in washing solution. However, the original activity of enzyme in WB coating was 

extremely low (less than 1% comparing with SB enzyme coating) that was fairly close to 
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the detection limit. The low activity might mainly due to over-crosslinking between 

relative hydrophilic crosslinker and enzyme. 

6.3.5 Impact of parameters on TC160 leaching resistance 

The effects of some parameters were also studied for TC160 PU coating. Due to 

the auto-hydrolysis of TC160, total protein assay like µBCA or Bradford assay can’ t be 

used to determine the released protein accurately. Therefore, the released rate was 

determined as remaining coating surface activity after extensive washing.  

6.3.5.1 Increase pH 

Similar as �-amylase coating, surface activity of TC160 coating was decreased 

along with the increase of pH (Figure 6-14). However, no substantial improvement in 

stability against water washing was found.  

 

Figure 6-14 pH effects on the surface activity of TC160 coating 

Note: Initial surface activity of TC160 coating was measured when prepared at 

different pHs. 
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6.3.5.2 Extended mixing time and post-addition of surfactant 

As shown in Figure 6-15, by extension of the mixing time from 2 min to 60 min– 

putatively giving the enzyme more time to become crosslinked with the polyisocyanate, 

slower release of TC160 from coating surface was observed. However, there was not 

substantial enhancement over a long period of exposure to water washing (e.g. 12 h) 

Further crosslinking was performed by the postponed addition of the surfactant 

while extending the mixing time. By this means, the contact between enzyme and 

isocyanate without surfactant blocking the interface would be more effective. TC160 was 

explored extensively in this strategy. As illustrated from Figure 6-15, the longer the 

surfactant addition time, the less initial surface activity was obtained.  

Figure 6-15 inferred that delayed surfactant addition seemed to be more 

substantial than mixing time, inferring that surfactant did hamper the crosslinking. The 

most significant leaching stability was observed when surfactant was added after 60 min 

mixing. The activity loss was about 50% within the first 2 hour washing and then became 

very stable even after 90 hours (~40% relative activity was retained). 
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Figure 6-15 Impact of post addition of BYK on the stability of TC160 PU coatings 

against water washing  

 Note: Impact of post addition of BYK (added at 60 min) ( ) on the relative surface 

activity during water washing was compared with coating prepared by standard protocol (with 2 

min stirring time) ( ) and that prepared by extended stirring time of 60 min ( ).    

 

6.3.5.3 Pre-crosslinking with hydrophilic crosslinker 

Pre-crosslinking was carried out in aqueous phase using hydrophilic bi-functional 

WB crosslinker Baydrol 302 (B302). It did help to hamper release as seen from Figure 

6-16, by mixing TC160 with relative B302 before mixing with solvent borne formula. 

Hydrophilic modification of polyisocyanates for water dispersibility by short mono-

functional methoxy-terminal poly(ethylene glycol) (PEG) chains WB crosslinker help to 

promote crosslinking between enzyme and crosslinker. It is worthy to mention that 

TC160 coating prepared by pre-crosslinked enzyme still possessed self-cleaning function 

against crushed cricket bodies, even after 6 cycles of reusing, as exemplified in Chapter 

4.1.3.3. Combined strategies such as pre-crosslinking enzyme at higher pH 10.3, resulted 
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in an even less activity loss during washing (Figure 6-16). It is interesting to note that 

discrete particle formation was not found when coating prepared by pre-crosslinked 

TC160 (Figure 6-17), while the enzyme particle formation were quite clear in the 

coatings whether following standard protocol or prepared with extended mixing time. 

They seemed to be “ immerged”  into coating and such “ homogeneity”  might explain 

achieved higher stability.  

 

Figure 6-16 Impact of pre-crosslinking at different pHs on the stability of TC160 PU 

coatings against water washing 

Pre-crosslinking ( ) helped to increase the stability of TC160 in the coatings, as shown 

the activity profile along with the washing time comparing with that prepared at the same pH 

=6.8 ( ). Furthermore, pre-crosslinking at high pH=10.3 ( ) led to a less decrease in the 

surface activity. The total mixing time for all the coatings in the figure was 60 min. 
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Figure 6-17 SEM characterization of TC160 coatings prepared by different methods 

(a) Coating with TC160 (pH 6.8) prepared at standard protocol (mixing time=2 min); (b) 

Coating with TC160 (pH 6.8) prepared at extended mixing time=60 min; (c) Coating with TC160 

(pH 6.8) pre-crosslinked with hydrophilic B302 and then prepared at extended mixing time=60 

min.  

 

6.4 Conclusions 

It was challenging to avoid the surfacial enzyme molecules from rapid release 

from the coating, considering that they were not fully confined and that they were 

directly contact with detrimental factors. Such a problem should be overcome or 

alleviated considerably.  

Attempts undertaken like increasing pH or NCO/OH to enhance the crosslinking 

degree of enzyme molecules were usually accompanied by a loss of surface activity, but a 

significant enhancement to avoid/alleviate leaching has been fulfilled. It was interesting 

to note that the enzyme particle size was closely associated with crosslinking degree. As 
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larger the particle, as less the crosslinking. Generally reduction in size led to decrease in 

enzyme release rate from the coating surface. In our efforts, particles size could be 

reduced 10 fold smaller to about 250 nm with more homogenous distribution when 

switched to WB coating formula. However, the activity was hardly detectable possible 

due to the over-crosslinking. The remaining challenge was to find the best compromise 

between low release and high activity, with which to dictate the specific incorporation 

technologies e.g. enzyme entrapment by nanocage, as illustrated in Chapter 3 where 

enzyme was found to have tremendously enhanced stability.  
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7 CONCLUSIONS AND PATH AHEAD  

7.1 Conclusions 

The conducted research focused on the development of enzyme-based functional 

materials with optimized protein-material interactions for best performance in terms of 

compatibility, activity and stability. The incorporation of technical enzymes into 

hydrophobic PU coatings and hydrophilic PAG thin films has been thoroughly explored. 

Enzyme containing PU coatings were probed for their performance in self-cleaning 

applications against various organic stains. Overall, a much better and solid 

understanding about the underlying mechanism of coating formation and self-cleaning 

was acquired. Although good stabilities and catalytic efficiencies of each 

enzyme/polymer coating system were observed, the overall performance is still not ideal 

for either long- or mid-term applications. Various harsh conditions encountered in the 

course of weathering resulted in a rapid activity loss. As was shown in this study the 

alternation of enzyme particle formation, distribution, as well as crosslinking degree have 

major impact on the coating characteristics and can be considered as key to leverage the 

challenges. In contrast to the enzyme-PU coatings the immobilization of enzymes in PAG 

resulted in the formation of a material composite whose outstanding thermostability 

should allow applications in biocatalysis and/or biosensing. This tremendously enhanced 

stabilization is due to a novel strategy --- spatial confinement of enzymes.   

 Specific conclusions can be drawn from this research:  
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1. Smart bioactive materials offering self-cleaning in the absence of bulk water are 

feasible: enzyme-polymer coatings are capable of facilitating the removal of a 

variety of organic stains. Facilitated removal capacity can be improved up to 5 

orders of magnitude. 

The hydrolytic enzymes kept most of their activity once incorporated in the PU 

coatings, and enabled the decontamination of the respective surfaces from common food 

stains, fingerprints to smashed insects. Facilitated removal capacity can be improved up 

to 5 orders of magnitude. For �-amylase coating, the most obvious applications are 

general surfaces in the food processing industry but as well as in (restaurant) kitchen. 

Another particularly interesting application of enzyme-based coatings is the facilitated 

removal of smashed insect bodies from car coatings, which is amenable with protease-

containing coatings. Anti-fingerprint coatings also have to be envisaged as highly useful 

applications that deserve more thorough investigation.  

2. Enzymes are dispersed quite homogenously as microspherical particles in 

hydrophobic PU coatings.  Enzyme PU coatings are stable under high 

temperature environment.  

In the fully cured coatings the enzymes were entrapped uniformly in form of 

microspherical particles. Enzymes coating revealed a good thermal stability and showed 

half lifetimes in the order of years.  

3. Self-renewal of bioactive surfaces is achievable by bringing entrapped enzymes 

inside the thin film to the coating surface. More than 50 times of reusability has 

been demonstrated. 
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The loss of activity in course of washing is best explainable by a loss and/or 

deactivation of surfacial enzyme molecules, while the majority of enzyme molecules 

present beneath the surface (entrapped in the polymer) is still active but not able to access 

the stain (substrate). Uncovering these enzyme molecules would allow for the 

replenishment of activity. It was successfully demonstrated that enzyme molecules 

embedded underneath the surface become uncovered upon moderate abrasion or wear, 

e.g. by scratching or wiping. By this way, coatings were re-used up to 50 times without 

loss of surface function. Since a generally exposed coating surface will face some 

abrasion or degradation in everyday life, the resultant controlled/triggered release of 

active bio-reagents might be a smart approach to assure a stability in the magnitude of 

years which is needed to comply with life-cycles desirable for most coating products. 

This has to be considered as major advantage over competing concept that enzymes are 

permanently immobilized as a monolayer on the surface. 

4. Fine particle size and better distribution of enzymes are able to be tuned for 

enhanced release resistance of surfacial enzyme. 

Practical applications of such bioactive coatings also require outstanding 

durability against weathering and other detrimental effects. Contacting the surface 

exposed enzyme with water resulted in a decay of the self-cleaning functionality as part 

of the enzyme was released from the surface. Strategies for improved enzyme retention 

were developed by alternating the enzyme distribution and improving crosslinking 

between enzyme and polymer. As confirmed in this thesis, a better emulsification of the 

aqueous enzyme solution in the hydrophobic pre-polymer mixture resulted in a decrease 
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of the aggregate size and a more homogeneous enzyme distribution throughout the 

coating, which is considered to be beneficial for the release resistance as explained.  

Several preparation parameters including pH of the enzyme solution, the post-

addition of surfactant and NCO/OH ratio were found effective in manipulating the degree 

of enzyme-polymer crosslinking, enzyme activity, enzyme particle size and distribution. 

For instance, an improvement of enzyme retention by a factor of 85% was achieved for 

�-amylase coating when the NCO/OH ratio was increased from 1.2 to 2.4. 

5. Spatial confinement of enzyme in hydrophilic polymer PAG has molecular level 

distribution and tremendous enhancement in stability against thermal and 

chemical inactivation.  

A parallel study was performed to explore the advantages and limitations of 

enzyme entrapment into hydrophilic films. A hydrophilic matrix like polyacrylamide gel 

(PAG) allows monophasic enzyme entrapment as in contrast to the two-phase PU coating 

system. The polymeric network is swollen in the water and becomes a rigid glass upon 

drying. It was assumed that final dry glassy PAG matrix had been in geometrical 

congruence with the structure of enzyme molecules entrapped inside, providing 

substantial spatial confinement for each enzyme molecule. As high as 6 orders of 

magnitude in enhancement has been exemplified by PAG-enzyme composite in 

comparison to its native counterpart, when incubated in 75oC ethanol. PAG-enzyme 

composites therefore open up a plentitude of new applications towards commercialization 

with such high stability (e.g. biosensing or biocatalysis in organic solvent for fine 

chemicals).  
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7.2 Remaining challenges and path ahead 

• Validation of crosslinking chemistry between enzyme and polymer matrix in the 

enzyme coatings  

Current results imply that highest surface activities and best performance in self-

cleaning are majorly due to the presence free enzyme molecules at the coating surface. 

Uncovering enzyme molecules from underneath the surface by abrasion account for an 

activity renewal and ensure the desired durability. However, little is known about how 

the release rate of freshly exposed enzyme can be controlled. Attempts undertaken till 

now to increase the fraction of enzyme molecules crosslinked with the polymer matrix 

helped to control the release rate, but were usually accompanied by a drastic loss of 

activity. Therefore, the remaining challenge is to find the best compromise between slow 

release and high activity. So far it has not been fully elucidated if the enzyme is losing its 

activity upon crosslinking by inactivation or by limited motility. Accordingly, a better 

understanding about the crosslinking chemistry between enzyme and polymer as well as 

the direct impact on the enzyme’ s catalytic efficiency in general should be the objective 

of future studies.  

Homogeneous distribution of enzymes for possible improvement of activity and 

stability was another optimization objective in PU coatings as this was successfully 

demonstrated for hydrogel entrapment of enzymes. It was supposed that such 

homogeneous distribution can be obtained with WB coatings and indeed particle sizes of 

several hundred nanometres were achieved. But unlike enzymes entrapped in PAG 

hydrogel, the enzyme agglomerates in WB PU coating were over-crosslinked with 
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isocynate, dwarfing the “ better”  distribution. Hence, a dramatic activity loss was 

observed making such adjustment less appealing. In the future, a coating formulation 

needs to be developed that is compatible with hydrophilic enzymes but the crosslinking 

degree can be adjustable and tunable. It cannot be ruled out that amino acids of an 

enzyme involved in the crosslinking are essential for the catalytic activity or blocking the 

accessibility of substrate to the active site. A remedy for this might be the engineering of 

the enzyme by means of molecular biotechnology. Moreover, the fulfilment of the 

ultimate goal – smaller and better distributed but highly active particles – requires more 

delicate approaches and thorough understanding of liquid dispersion and surface wetting 

(Figure 7-1). Implementation of special dispersion techniques providing sufficient 

shearing force and better wetting capabilities by modifying enzyme or polymer would be 

potential strategies towards to the goal.  
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Figure 7-1 Scheme of enzyme particle size reduction towards homogenous 

distribution 

 Note: as inspired in Chapter 3, homogenous distribution of entrapped enzyme at 

molecular level in the thin film/coating might lead to a substantial stabilization. 

 

• Pursue stabilization strategies against light in weathering 

UV light-induced photochemical reactions are well known primary cause for 

polymer degradation. It might also bring damage even to the enzyme embedded in the 

coatings. Suitable strategies like addition of UV additives would be probed to examine 
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whether synergic protection effects could be achieved for both enzyme and PU coating 

against photo-inactivation. 

• Examine solid-state catalysis at interface and mechanism of easy-cleaning at 

microscopic level 

• Explore new functions of enzyme-polymer composites for more add-values and 

useful applications  

• Study space confinement strategies to prove the stability of entrapped enzyme is 

actually controlled by the properties of the carriers  

As described in Section 3.2.10, inherent Tg (59oC) of enzyme disappeared after 

spatial confinement in the annealed PAG gel. Instead, annealed PAG-enzyme composite 

showed an apparent “ Tg”  as high as 125oC that was close to blank PAG. Such a dramatic 

increase in “ Tg”  might account for the tremendous stability observed. Accordingly, a 

question might be proposed, whether the stability of enzyme is associated with Tg of 

carriers. A better understanding of this might benefit general stabilization strategies of 

biocatalyst.  

Though there are still numerous challenges and issues, including but not limited 

to the list above, the vast array of future applications of “ green”  bioactive smart 

composites are conceivable. At the same time, rapid advances in the fields of protein 

engineering and enzyme immobilization, as well as precision-fabrication technologies, 

will enable more creations of unique, highly-functionalized and durable enzyme-based 

smart coatings. The time to revitalize the traditional coating industry is approaching and 

bioactive coatings provide a way to do so. 
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