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The use of enzymes in materials science allows the development of unique and innovative functional

materials. As biomolecules, enzymes can provide exceptional features such as substrate specificity, rate

acceleration, regio-, chemo-, and stereoselectivity within catalyzed reactions. Many enzymes are suitable

for biomaterials modification because of their natural origin or because they catalyze a desired reaction

between non-natural substrates. In their native form, or after tailoring by genetic engineering, enzymes

can complement the traditional approaches of materials science by following Nature principles.

Multiple technologies involve enzymes in the fabrication and processing of materials, such as direct

enzymatic treatment of materials and the assembly of novel bio-hybrid materials. In this review we

highlight the most recent applications of enzymes by illustrating selected examples from the last 3 years,

and indicate future trends in the field of materials science.
Introduction
Enzymes were established over the last decades as biocatalysts in

various important industrial processes and can be found in many

products of daily life [1–3]. Besides the conventional areas of enzyme

application, such as pharma [4–6], food [7], or the washing agent

industry [8], the application of enzymes in materials chemistry is

still modest. By combining properties like protein stability, substrate

and/or reaction selectivity with enormous reaction rate acceleration

[9], enzymes can be considered as optimally evolved functional

structures. They can give access to chemical processes that cannot be

realized by classical synthetic approaches under the same condi-

tions [2,10–12]. Against common prejudices, enzymes can accept

multiple substrates, are relatively stable, able to function in an non-

physiological environment, and are, due to recombinant produc-

tion strategies, relatively inexpensive [2,3]. The most difficult task

for applications of enzymes in industry is the selection or discovery

of enzymes for a certain reaction as well as to integrate them stably

into processes/devices while maintaining and preserving their prop-

erties. However, it is nowadays possible to develop enzymes with

improved features in the laboratory [13–17]. Although the de novo
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design of new catalytic reactions is still in its infancy, some protein

catalysts that cannot be found in Nature have been already designed

[18–21]. In any case, nature provides a large pool of yet unexploited

enzymes that continuously enlarge the toolbox of biocatalysts for

the application in materials science [22–28].

An understanding of materials or enzymes based on the ety-

mology falls short. The term ‘materials’ derives from the Latin

word materialis which describes all things made out of matter, and

the term enzyme itself is derived from Greek words en and zýmē

pointing to their occurrence ‘in yeast’. Note, a narrow definition of

the term ‘material’ is not possible and probably not appropriate.

This can also be concluded from general descriptive approaches

where materials are ‘identified as substances in the condensed

states (liquid, solid, colloidal) designed or manipulated for tech-

nological ends’ [29]. Others quote that ‘materials can be said to

emerge by human action: a material is a substance with a present or

an expected future application for mankind. So, not all substances

are materials’ [30]. Similarly, ‘materials are defined as solids used

by man to produce items which constitute the support for his

living environment’ [31].

To a substantial extent it is also not easy to give one definition

for enzymes, especially one including a general relationship
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FIGURE 1

Fields of enzyme application in materials science.
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between amino acid sequence and enzyme function. However, in

our understanding there are obvious traits of enzymes that cannot

be found in any material. Materials and enzymes can be classified

according to their physico–chemical and biochemical properties,

respectively (Table 1).

Even though enzymes and materials might be extremely differ-

ent in many aspects, their common ‘language’ is chemistry. As

soon as their reactive chemical moieties are compatible, the com-

bination of materials and enzymes is feasible. Biomaterials such as

polyhydroxyalkanoates (PHAs), cellulose, and lignin, are directly

connected to enzymes, since enzymes are involved in their bio-

synthesis and modification [32,33]. As shown in Fig. 1 enzymes are

intrinsically related to many fields of materials applications [34].

The way enzymes are applied for materials modification range

from isolated enzymes over immobilized enzymes, cell free

extracts up to microbial cells (in form of living cells, resting cells

or biofilms).

The application of enzymes in materials science combines two

rather different scientific approaches. Materials science is predom-

inantly an engineering discipline, aiming at the intentional as-

sembly of building blocks to achieve desired material properties. In

contrast, enzyme technology is a discovery-based discipline. This

is reflected by the fact that not all enzymes can be easily synthe-

sized on demand so far. While the limits of the individual

approaches have been critically discussed elsewhere [35,36], the

unique properties of both, materials and enzymes, can be com-

bined in a synergistic way leading to advanced materials.

A schematic overview showing possible interactions of enzymes

with materials is depicted in Fig. 2. In general, enzymes can be used

to modify materials via direct catalysis at the surface of the material

(I), to activate substrates which can further react with the material

(II), or enzymes can be immobilized or integrated directly into

materials (III). Additionally, polymeric materials can be enzymati-

cally degraded into oligomers, monomers and other compounds

(IV) or constructed from individual building blocks (V). Moreover,

enzymes can be directly used to synthesize building blocks for the
TABLE 1

Comparative view on enzymes and materials.

Enzymes Materia

Composition/state
Biopolymers, composed of a polypeptide backbone

made of predominantly 20 natural amino acid building blocks,

Functional structures dissolved in aqueous solution

Mainly 

Unlimit

Main descriptors

Biocatalysts Compo

Origin

Naturally evolved or generated by enzyme engineering Natural

Produced from renewable precursors under biological

conditions

Often p

General properties

Intrinsically dynamic Exhibit 

Classification system

According to type of catalyzed reaction; structure or

biochemical characteristics

Accordi

metals, 

Applications

Widely applied in catalytic processes (washing agents,
synthesis, biosensors, etc.)

Used fo
textiles,

460
assembly of materials (VI). Combinations of all methods are

possible. Common synthetic themes in all fields are direct and/

or indirect conversion of the enzyme substrates.

Several challenges have to be considered when combining

materials and enzymes. When enzymes are used for surface mod-

ification of polymeric substrates, issues such as the substrate

accessibility, the selection of appropriate reaction systems, the

analytics, and the downstream processing of the generated prod-

uct play a crucial role. Future challenges for the realization of

innovations in the field of enzymes and materials might be similar

to the ones discussed in the article from Kunz and Müllen [37]

where they address the question ‘whether natural product and

material chemistries are separated forever’. Following their argu-

ments, ‘every sub-discipline requires extensive focus’ which may

lead to further separation of these disciplines. Accordingly, the

exploration of enzymes for innovative materials is possible within

highly interdisciplinary consortia among biologists, materials

scientists, chemists, and physicists. The fabrication of materials

by using enzymes can in our opinion be regarded as an emerging

field where complementary technologies lead to exceptional
ls

condensed phases comprising diverse substances (liquid, solid and colloidal),

ed number of precursors

unds, often designed or manipulated for various technological ends

ly or chemically synthesized

roduced from non-renewable precursors, under non-natural conditions

various physical or chemical properties upon external triggers

ng to physico-chemical traits and chemical structure, for example, polymers,

ceramics, wood

r technical or high performance applications (construction, energy storage,
 etc.)
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FIGURE 2

Different strategies for materials functionalization with enzymes (E). (I) Direct enzyme catalyzed modifications, where R indicates a novel functional group

introduced by enzymatic treatment, (II) indirect enzyme mediated modification of polymers, where X can be an enzyme-activated substrate or an enzyme-

bound transition state of a substrate, (III) direct immobilization or integration of enzymes on/into materials, (IV) enzyme-mediated polymer degradation, (V)
enzyme-mediated polymer formation, and (VI) enzymatic synthesis of building blocks for materials fabrication.

R
E
S
E
A
R
C
H
:
R
ev
ie
w

solutions. Apart from the fabrication and processing of materials

or bio-hybrid materials, enzymes contribute to the development of

sustainable processes [38].

The present article points out selected enzymatic reactions

relevant for the synthesis or modification of materials, and

processes that lead to hybrid materials of unique functionality.

With this review we want to demonstrate that materials science

and biocatalysis provide complementary  strategies towards

innovative solutions which cannot be realized by one discipline

alone.

I: Direct enzyme catalyzed modifications of materials
This section describes processes where enzymes directly catalyze

reactions on polymeric substrates. One field where enzymes are

extensively used for polymer modification is in textile industry.

They are included in almost every step during textile processing

(Table 2). The applied enzymes belong primarily to the families of

hydrolases (EC 3.) and oxidoreductases (EC 1.).

An interesting case of polymer modifying enzymes is their use

for the conservation and restoration of fabrics [42–44]. A common

method to strengthen, for example, silk-based historic textiles is

the introduction of synthetic polymers with molecular structures

different from the silk protein. Alternatively, transglutaminases

can be applied for the restoration of silk. The covalent cross-

linking of glutamyl and lysyl residues increases the stability

and resistance of the silk protein towards degradation. Besides

strengthening the textile, the morphology of the fibers is im-

proved without influencing other properties such as textile color

[44].
II: Indirect enzyme mediated modifications of materials
In contrast to direct modifications with enzymes, the indirect

enzyme mediated modifications of materials are processes where

either certain activated substrate–enzyme intermediates are

formed or where enzymes first activate substrates that subsequent-

ly react non-enzymatically with the polymer.

Exemplary biocatalysts for oxidation reactions in materials sci-

ence, where an activated intermediate state occurs, are laccases

(Fig. 3). These promiscuous multi-copper oxidases catalyze the

oxidation of various aromatic and some non-aromatic compounds

with concomitant reduction of oxygen to water (Fig. 3a).

The generated radicals may undergo diverse rearrangement or

coupling reactions. Due to the free radical formation, laccases

can initiate a broad spectrum of reactions, including polymerization

and depolymerization [27,45–47]. Moreover, laccases are very useful

enzymes for diversity-oriented synthetic approaches where the

concept ‘one enzyme–many products’ is desired [12]. These features,

along with high stability and activity, make laccases widely used in

the paper, textile, cosmetics and pharmaceutical industry [26,48].

In materials science, laccases can be used to generate novel

hybrid polymers by combining organic and siloxane materials

such as a lignin-siloxane copolymers for use in adhesives and

coatings. Lignin, an organic polymer, was activated by enzymatic

oxidation and mixed with siloxanes that resulted in the incorpo-

ration of 60% of the activated lignin into this polymer [49]. One

example where laccases are applied to surface modification in

MedTech devices is the functionalization of urinary catheters to

prevent biofilm formation and thus infections in patients [50]. To

achieve this, laccase, catechin – an antimicrobial flavonoid, and
461
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TABLE 2

Enzymes used in textile industry.

Processing step Enzyme
(EC number)

Function

Desizing Amylases (3.2.1.1.)
Lipases (3.1.1.3.)

Removal of size material like
starch and grease added for

fabric protection during weaving

Scouring Amylases (3.2.1.1.)
Cellulases (3.2.1.4.)

Proteases (3.4.2.)

Pectinases (3.2.1.15.)
Lipases (3.1.1.3.)

Removal of natural impurities
that impede equal dying like

starch, wax, grease, pectin

Finishing Cellulases (3.2.1.4.)

Lipases (3.1.1.3.)
Cutinases (3.1.1.74.)

Modification of fiber surfaces

to improve properties like
softness, gleaming,

defuzzing, a certain

look (biostoning) and
general handling

Composting Cellulases (3.2.1.4.)

Proteases (3.4.2.)

Textile and fiber degradation
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sodium hydroxide-pre-treated silicone catheter were co-incubat-

ed. In the result of this reaction, the catheter was coated with

poly(catechin) leading to reduced bacterial adhesion and subse-

quent biofilm formation [50] (Fig. 3b).
FIGURE 3

Examples of laccase-dependent reactions. (A) Chemistry of laccase-catalyzed reac

or coupling reactions. (B) Polymerization of catechin on the silicone catheter [50]

PNIPAM [53].

462
Another novel technology is the application of enzymes for

non-natural reactions. For example in atom transfer radical poly-

merization (ATRP) reactions, various oxidoreductases such as lac-

cases from Trametes versicolor, horseradish peroxidase (HRP), and

catalase from bovine liver have been used as protein-based cata-

lysts [51,52] (Fig. 3c). Using this technology, electrospun lignin

nanofibers with PNIPAM-brush-like structures (poly(N-isopropy-

lacrylamide)) were synthesized that can be used in filter devices,

medical diagnostics, and sensor technologies [53].

Besides laccases, tyrosinases can be used to indirectly modify

polymers (Fig. 4). By converting tyrosyl side chains to reactive

o-quinones, tyrosinases catalyze the covalent crosslinking of

proteins harboring tyrosine residues within regions of low

complexity. The addition of small phenolic substrates can be

beneficial for the production of crosslinked aggregates of proteins

that are not natural substrates for tyrosinase [54]. Genetic engi-

neering of the substrate protein can provide additional exposed

tyrosine residues in the substrate protein for direct crosslinking

[55] and material functionalization. In this way, fluorescent pro-

teins such as phycocyanin, an interesting target for biomedical

and diagnostic approaches, was successfully immobilized to ami-

no-modified polystyrene beads [56,57].

In contrast to the tyrosinase and laccase-based approaches that

lead to relatively unspecific surface modification, enzymes like
tion. The generated radical can undergo several subsequent rearrangement

. (C) Enzyme-mediated ATRP for the brush-like modification of lignin with
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sortase A (SrtA) enable access to site-specific modifications. The most

widely studied sortase is SrtA from Staphylococcus aureus that was

used for oriented polymer modification [25]. SrtA is mainly applied

to immobilize proteins on polymeric surfaces to improve materials

properties. During catalysis, SrtA forms an activated acyl-enzyme

intermediate with target proteins carrying an exposed LPXTG ami-

no acid sorting motif close to their C-terminus, where X represents

any natural amino acid. Subsequently, the enzyme catalyzes the

transfer of the target protein to the free N-terminus of an oligogly-

cine-functionalized surface, leading to the formation of a new

peptide bond (Fig. 5). Protein hybrid materials generated by the

use of SrtA include various proteins, such as fluorescent proteins

[22,58–60], enzymes [61], antibody fragments [62], and functional

proteins [63,64] immobilized on different types of surfaces. With a

recently developed flow cytometry-based assay the immobilization

of green-fluorescent protein on polystyrene particles could be fol-

lowed in real time, enabling the direct comparison of the reaction

characteristics of different sortase variants [65].

III: Enzyme immobilization on materials
By directly immobilizing enzymes on a material surface, the

properties and functionality of the material are expanded. Enzyme

immobilization can be achieved by simple protein adsorption,

by affinity or by covalent coupling. This can enable unique

applications in, for example, MedTech, biosensing and catalysis.

The functionalization of surfaces with particular enzymes becomes

increasingly important for the fabrication of antimicrobial sur-

faces. To prevent biofilm formation, extracellular DNA (eDNA)

from bacteria has been identified as target as it is involved in the

initial step of bacteria attachment. To hydrolyze the eDNA, DNaseI

was covalently immobilized on polymethylmethacrylate (PMMA)

via polydopamine films, which were established by coating the

PMMA surface with L-dopamine under alkaline conditions. The

modified surfaces showed hydrolytic activity towards free DNA

and provided unprecedented reduction in biofilm growth of Pseu-

domonas sp. and Staphylococcus sp. In contrast the attachment of

human osteosarcoma U2OS cells was not affected [66]. In a different

way lysozyme was immobilized on a 3D silicon nanowafer struc-

ture for a synergistic capture and lysis of pathogenic bacteria. Thus,

in antimicrobial tests the number of bacteria on the surface could

be drastically reduced [67]. Another example of enzyme immobi-

lization is the production of a polydopamine-based biocomposite

with integrated carbon-nanotubes and laccases to confer unique

surface properties. The obtained bionanocomposite is implemen-

ted as an electrochemical biosensor and as biocathode in a biofuel

cell [68].
FIGURE 4

Tyrosinase-catalyzed reactions. The reactive o-quinone is highlighted.
Complex enzyme cascade reactions, interesting for biocatalysis,

can also be realized on materials surfaces. Recently, three enzymes

of the menaquinone biosynthesis pathway have been co-immo-

bilized on CdSe-ZnS quantum dots via hexa-histidine tag affinity-

driven self-assembly to synthesize 2-succinyl-6-hydroxy-2,4-cyclo-

hexadiene-1-carboxylate [69].

A relatively new approach to immobilize enzymes on surfaces

makes use of natural protein–protein interactions. The SpyTag-

SpyCatcher system is based on the fibronectin-binding protein

FbaB from Streptococcus pyogenes [70]. Attachment or incorporation

of the SpyCatcher on or into matrices can then be used to cova-

lently immobilize any protein carrying the SpyTag [71]. In a

comparable manner, the FimGt/DsF system, which is based on

donor strand complementation, can be used [72]. In contrast to

the SpyTag-SpyCatcher system, the FimGt/DsF system does not

rely on covalent bond formation between the protein and the

peptide, but on hydrophobic and electrostatic interaction. Never-

theless, with a KD in the range of 10�20 M, it forms the most stable

protein–ligand complex known so far. Also split-intein-triggered

trans-splicing can be used to immobilize proteins on surfaces. Until

now, this technique was mainly applied for protein-crosslinking

to form hydrogels [73]. For this purpose, the two fragments of the

naturally split DnaE intein from Nostoc punctiforme are connected to

the proteins of interest. By attaching or incorporating one half of the

split intein into a matrix, this setup can also be used to directly

immobilize proteins on surfaces [74].

IV: Enzyme mediated degradation of materials
Hydrolases like proteases and endonucleases, which cleave (poly)-

peptides and oligonucleotides, respectively, can be used to degrade

or disassemble materials containing peptide or phosphodiester

bonds. Moreover, different microbial hydrolases are described

for hydrolysis of a variety of aliphatic, aromatic, and aliphatic-

aromatic copolyesters [75]. For example, PET hydrolases are

capable of hydrolyzing polyethylene terephthalate (PET). Differ-

ent enzymes such as lipases and cutinases belong to the class of PET

hydrolyzing enzymes. Besides degrading PET, treatment with

these enzymes provides access to the modification of PET for

further functionalization [76]. For instance, PET-nanoparticle sus-

pensions made from recycled PET fibers, films, and granulates were

monitored via turbidimetric assays during enzymatic treatment

with cutinase from Thermobifida fusca KW3. According to these

studies, the main factor determining the degradability of PET fibers

is its flexibility [24]. Potentially, these enzymes can be exploited

for anti-pilling effects of polyester fibers or for surface functiona-

lization.
463
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FIGURE 5

Sortase A-catalyzed site directed immobilization of proteins on material surfaces. The reactive acyl-enzyme intermediate is highlighted. X stands for every

canonical proteinogenic amino acid [65].
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An innovative application for polymer modifying enzymes is

the degradation of polyvinylalcohol (PVA), a water-soluble syn-

thetic polymer frequently used as sizing agent in the textile

industry. After textile desizing PVA is washed from the fiber and

released in the environment. For the treatment of PVA-contami-

nated wastewater several microorganisms have been identified

that can degrade PVA. However, the corresponding enzymes are

not fully characterized yet [39–41].

Polymer degrading enzymes are often used to design enzyme

responsive materials (ERM). Such materials change their composi-

tion and thus functionality due to the activity of an enzyme. ERM

are especially interesting for medical applications, since a natural

trigger, like a change in native enzyme or metabolite concentra-

tions, can be harnessed. For example, to achieve drug-targeting in

case of pulmonary drugs, a poly(ethylene glycol)-based hydrogel,

with peptides incorporated into the polymer chain, was designed

[77]. Metalloproteases, which are upregulated during pulmonary

diseases, allow drug release by cleaving the incorporated peptide

bonds of the ERM (Fig. 6a). In another study mesoporous silica

nanoparticles were functionalized on the outer surface with

e-poly-L-lysine to prevent drug leakage. The potential of this

system for controlled drug delivery was tested by encapsulating

the cytotoxic drug camptothecin. The capped silica nanoparticles

were taken up by HeLa cells and targeted to the lysosome. Due to

amide bond cleavage by lysosomal proteases the entrapped drug

was released, causing targeted cell death [78]. Similarly, mesopor-

ous silica material was coated with Konjac oligosaccharides as a

gatekeeper to prevent drug release (Fig. 6b). Upon contact with

colonic bacteria that secrete mannanase, the oligosaccharides were

degraded and the drug was released [79,80].

V: Enzyme mediated formation of materials
Besides degrading materials, enzymes can also trigger the forma-

tion of materials [27,81,82]. For example, transglutaminase was

used to crosslink soy protein isolate to generate hydrogels [83].
464
One example in the MedTech area is a wound dressing that was

designed to form a hydrogel upon wound contact. In this system,

hydrogelation is initiated by pouring a PVA derivative and the

enzymes HRP and glucose oxidase (GOx) into the wound. To be

accessible for crosslinking by the enzyme HRP, the employed PVA

had been functionalized with phenolic hydroxyl groups. The

required co-substrate of HRP, H2O2, is provided by GOx, which

generates hydrogen peroxide upon oxidation of wound internal

glucose [84] (Fig. 7).

Also hydrolytic enzymes such as subtilisin [85] or thermolysin

[86] can be applied to trigger self-assembly of peptides, leading to

the formation of hydrogels. It was demonstrated that the peptidase

thermolysin can catalyze the formation of self-assembling pep-

tides from non-self-assembling shorter precursors. In a first step a

peptide sequence is partially cleaved. If the peptide concentration

is high enough, the enzyme catalyzes the synthesis of longer

fragments, which can then self-assemble into b-sheet-rich fibers

[87].

Other hydrolytic enzymes, oxidoreductases and transferases

have been successfully applied in polymer synthesis including

polyesters, polyethers and polyamides [28,88–90]. Recently, a 2

step polymerization to obtain bio-based poly(butylene succi-

nate) by applying Novozyme 435 was described, starting from

succinic anhydride, succinic acid and butane-1,4-diol. First

different precursors were synthesized via atmospheric polycon-

densation and these precursors were further polymerized enzy-

matically [91].

A novel chemoenzymatic cascade reaction for the synthesis of

methylacrylates was described for copper-mediated ATRP of 2,2,2-

trifluoroethyl methacrylate (TFEMA) as a model compound and

using ethyl-2-bromoisobutyrate (EBiB) as initiator. Concomitantly

transesterified TFEMA derivatives resulting from Novozyme 435

catalysis in the presence of primary, secondary or tertiary alcohols

were copolymerized. In the latter case copolymerization and

enzymatic transesterification proceeded coherently [92].
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FIGURE 6

Enzyme responsive materials for prospective medical devices. (A) Microparticles composed of a poly(ethylene glycol)-peptide-copolymer for pulmonary drug

delivery: upon cleavage of the peptide bonds by the metalloprotease MMP-I that is overexpressed in pulmonary diseases, an encapsulated drug can be
released. (B) Oligosaccharide-functionalized silica particles for targeted drug release: the modified silica-capsule retains the drug (blue dot) until the bacteria-

secreted enzyme mannanase cleaves the glycosylic bond, which triggers drug release. The figure is adapted from [79].

FIGURE 7

Hydrogel formation upon wound contact. Hydrogelation is initiated by the

enzyme horseradish peroxidase (HRP). The required co-substrate hydrogen

peroxide (H2O2) is provided by the enzyme glucose oxidase (GOx), which
uses wound internal glucose as a substrate.

FIGURE 8

Enzymatic polymerization of silicic acid catalyzed by silicateins.
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Unlike the above mentioned enzymes that react exclusively

with substrates of organic nature, silicateins represent an excep-

tional group of enzymes that catalyze the bio-polycondensation of

monomeric inorganic silicic acid precursors into polymeric biosi-

lica structures (Fig. 8). Biosilica formation by silicateins leads to the

deposition of pure amorphous silica structures found, for example,

in the skeletal spicules of marine sponges. Besides their catalytic

activity, filamentous aggregates of silicateins adopt a structure-

guiding function, providing a template for biosilica deposition.
465
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FIGURE 9

Enzyme cascade for the synthesis of lactones that can be used for polyester production [94].
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 The finding that silica structures can be enzymatically assembled

around organic matrices suggests useful applications for bio-poly-

condensation reactions, for example, for the production of glass

fibers within waveguides or the fabrication of silica layers with

electrically insulating properties to be used in the field of micro-

electronics [93].

VI: Enzymatic synthesis of building blocks for material
fabrication
Besides acting directly on materials, enzymes can produce build-

ing blocks for polymer fabrication. The synthesis of polymer

precursors according to the principles of green chemistry is of

great importance in order to avoid the use of petro-chemical

resources. P450 cytochromes have been shown to be potentially

useful for the enzymatic synthesis of hydroxy-acids that can

further be employed as starting materials for the synthesis of

polyesters. Baeyer-Villiger monooxygenases (BVMOs) were in-

cluded into a three-enzyme cascade by using cell free extracts of

E. coli containing the heterologously expressed enzymes. The

starting material involved compounds from renewable sources

containing a cyclohexenol moiety that was converted to the

corresponding ketone via subsequent steps of alcohol dehydro-

genase from Lactobacillus kefir and the enoate reductase from

Saccharomyces  carlsbergensis. The produced ketone is then con-

verted by a BVMO from Acinetobacter sp. to yield lactone with

good regio-, and enantioselectivity (Fig. 9). All corresponding
FIGURE 10

Double spinning wheel illustrating routes for the development of new (bio-hybri

466
lactones were formed with good to excellent conversion rates

and in a reasonable time. This demonstrates a novel synthetic

approach to the synthesis of functional and biorenewable poly-

mer building blocks that again can be polymerized by using

enzymes [81,82,94,95].

In a comparable manner the building block styrene can be

manufactured via an enzymatic cascade reaction. Styrene is used

for the production of polystyrene, a very common packaging mate-

rial. For this purpose, the enzymes ammonia lyase from Arabidopsis

thaliana and the enzyme phenylacrylate decarboxylase from

Saccharomyces cerevisiae were transformed into a polyalanine-

overproducing E. coli strain. While the first enzyme catalyzed the

conversion of L-phenylalanine to trans-cinnamate, the latter

enzyme catalyzed the subsequent formation of styrene [96].

Outlook
Enzymes provide exceptional solutions for the fabrication of

innovative functional materials. Different strategies for materials

functionalization span from direct enzymatic reactions on

materials surfaces to the integration of enzymes into materials.

Biocatalysts intrinsically bear unique substrate specificity, poten-

tial chemo-, regio-, and stereoselectivity and act under ambient

conditions. Moreover, enzymes match the principles of green

chemistry. Thus, the combined use of enzymes and materials

paves the way for applications targeting issues such as biocompat-

ibility, biocatalysis, and biosensing.
d) materials.
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The field of enzyme-modified materials is strongly multidisci-

plinary. Hence, process development of enzyme-modified materi-

als involves the improvement of both, material and enzyme to

eventually merge them into one novel product (Fig. 10).

Challenges for the production of bio-hybrid materials include

the selection of enzymes, the precise analytics including protein

quantification for determination of enzyme activity before and

after immobilization, and the fabrication of defined architectures

on surfaces. The combined approach of materials and enzymes can

readily be extended to include functional proteins in general. The

increasing number of tools and know-how for the selection of

proteins and enzymes, based on structural data and biochemical

properties of known enzymes, will certainly support future inno-

vations. The plethora of proteins provided by Nature offers cer-

tainly many possibilities that can be transferred to materials

science. Bio-hybrid materials carry unique functionalities, espe-

cially when biocompatibility issues are addressed. These innova-

tive solutions will have an impact on the society as they offer

sustainable and green processes that are highly demanded today.
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