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Controlling enzyme function through immobilisation on graphene, 

graphene derivatives and other two dimensional nanomaterials  

Tejaswini Rama Bangalore Ramakrishna,a,b Tim D. Nalder,a,b Wenrong Yang,a* Susan N. Marshallb 
and Colin J. Barrowa 

Robust enzyme immobilisation methods that preserve enzyme activity while enabling enzymes to be recovered and reused 

multiple times have important applications in biocatalysis. However, immobilisation can change the functionality of 

enzymes, both in terms of their level of activity and their selectivity. These changes in activity are unpredictable and at 

present cannot be controlled, but if fully understood at a fundamental level could offer the opportunity to create highly 

targetted enzyme systems for specific applications. In this review, we will highlight the use of two dimensional 

nanomaterials (2D NMs), particualrly graphene and its derivatives, as immobilisation materials to modify and control the 

selectivity and activity of various enzymes. The fundamental information obtained from immobilising enzymes on 2D NMs 

allows for the implementation of improved immobilisation strategies and assists in the design of next generation nano- 

and macro-materials for enzyme immobilisation. We hope that this review will highlight the potential for tailoring enzyme 

activity and selectivity through immobilisation.

1. Introduction 

Graphene, the world’s first two dimensional nanomaterial (2D 

NM), was isolated by Andre Geim and Konstantin Novoselvo in 

2004.1 They used a simple scotch tape method to peel off single 

layers of graphene from graphite flakes. The material was found to 

be atomically flat and possessed useful properties, such as high 

surface area,2, 3 optical transparency,4, 5 flexibility6 and mechanical 

strength,7 as well as electronic and thermal conductivity.8, 9 The 

combination of these exceptional qualities has attracted interest in 

the use of 2D graphene in the development of energy storage 

devices10-12 and in bio-applications.13-15 Following the discovery and 

characterisation of graphene, the demand for the development of 

other 2D NMs has grown significantly. Examples of 2D NMs that 

followed graphene include graphene oxide (GO), boron nitride (BN), 

synthetic silicate clays, layered double hydroxides (LDHs), transition 

metal dichalcogenides (TMDs) and transition metal oxides 

(TMOs).16-18 Over the past decade research into the utilisation of 2D 

NMs has increased significantly, including recent use of graphene 

and graphene oxides as enzyme immobilisation matrices/supports. 

The use of these 2D NMs represents an emerging field of research 

with exciting possibilities for providing both a fundamental 

understanding of immobilisation mechanisms and applied 

outcomes. 2D NMs possess many properties which make them well 

suited to enzyme immobilisation and the study thereof, including 

high surface area, dispersion in solution, tuneable surface 

chemistries and the ability to retain water adlayers.  

Enzymes are biocatalysts with utility in a wide range of 

applications, including use in the development of biosensors, food 

processing, detergents, textile processing, and the synthesis of 

pharmaceuticals and fine chemicals.19 The ability of different 

enzymes to function in a range of environments, from acting 

optimally under mild near-physiological conditions through to an 

ability to catalyse reactions at extreme temperature or pH, means 

that they can provide alternatives to conventional chemical and 

physical processing methods. The use of enzymes for specific 

applications provides benefits such as lower energy requirements, 

reduced chemical waste output, and greater reaction specificity and 

selectivity.20 Industrially useful enzymes are generally immobilised 

on solid supports, allowing the enzymes to be reused in multiple 

reaction cycles and recovered from the reaction products so they 

do not remain as contaminants.21-23 Immobilisation can improve 

enzyme stability and has the potential to modify the activity of 

bound enzymes with respect to specificity, regio-, chemo- and 

enantio-selectivity of enzymes.24 In addition to the effect of the 

reaction conditions, the properties of immobilised enzymes are 

heavily dependent on the properties of the carrier material that is 

used for immobilisation. Furthermore, the approach used to bind 

the enzyme to the support surface will affect the resulting enzyme-

support complex. 

Retention of enzyme structure and activity, while interfacing 

enzymes with solid materials requires an understanding of the 

material architecture at the nanoscale. Graphene’s properties, in 

particular its 2D form, allow for application of a number of 

analytical techniques in studying its surface and the molecules that 

are bound to it. Therefore interactions between enzymes and the 

surfaces they are bound to can now be studied at a single molecule 

Page 2 of 21Journal of Materials Chemistry B



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 2  

Please do not adjust margins 

Please do not adjust margins 

level, not previously possible with macro-materials. Graphene 

derivatives are attractive because of their easy synthesis at 

laboratory-scale and tuneable surface chemistry.16, 25, 26 Currently 

graphene-based materials cannot be produced in large enough 

quantities for the immobilisation of industrial biocatalysts, but they 

are useful tools for the study of immobilisation mechanisms at a 

fundamental level. In the future as new techniques are developed 

for the controlled production of graphene, these materials may 

provide attractive alternatives to traditional supports for industrial 

use. For now, graphene and other 2D NMs allow us to obtain 

fundamental mechanistic information that can inform the design of 

next generation nano- and macro-materials for use in enzyme 

immobilisation at both research and industrial scales. Where 2D 

NMs do currently have direct commercial applications is in the 

fabrication of biosensors, however with the exception of examples 

that have modified enzyme function, this topic will not be covered 

by this review. 

Previous articles have reviewed the literature regarding the use 

of graphene and other 2D NMs and their use in a broad sense. The 

very first review discussing the interaction of graphene and 

graphene oxide with proteins and peptides was by Zhang et al.27 

Following this, enzyme immobilisation on a range of nanomaterials 

was reviewed with respect to application in biofuel cells.28 More 

recently a number of review articles have covered the interaction 

and integration of biomolecules, including viruses, DNA, proteins, 

peptides and carbohydrates, with graphene nanocomposites, 

graphene and graphene derivatives.13, 29-32 However, there are no 

reviews that have systematically investigated the literature with 

regard to controlling enzyme function on 2D NMs. Herein we have 

reviewed the literature from the last 5 years on the use of these 

materials for enzyme immobilisation, with a particular focus on 

understanding and controlling enzyme properties and function on 

2D NMs.  

2. Properties of graphene and other two 
dimensional nanomaterials 

Graphene, graphene derivatives and other 2D NMs possess a 

number of properties, such as high surface area, magnetism and 

conductivity33, which make them suitable for use in enzyme 

immobilisation studies. High surface area is important for any 

immobilisation support as it allows for improved enzyme loading 

capacity. Traditional materials achieve high surface areas by using 

micro beads with very high surface to volume ratios, or highly 

porous macro resins. The very high specific surface area of 2D NMs, 

for example graphene (experimentally calculated at 700–1100 

m2/g)34, 35 and its derivatives means that 2D NMs could provide 

useful alternatives. To fully utilise the benefits of 2D NMs as an 

enzyme immobilisation support it is crucial that its surface 

properties and architecture are understood at the nano level. 

Further to this, understanding how different fabrication 

methodologies and modifications to the surface chemistry effect 

the materials are key to their use. The following sections briefly 

highlight some of the fabrication techniques used to synthesise 

graphene and other 2D NMs, as well as the properties that make 

them highly useful supports for investigating enzyme-support 

interactions.  

 

2.1 Fabrication of graphene and 2D NMs 

The method of synthesis for producing graphene and 

manipulation of the surface chemistry can be used to control the 

functionality of enzymes subsequently bound to the 2D surface. The 

most commonly used methods of synthesis are mechanical 

exfoliation, chemical vapour deposition (CVD), spin coating and 

liquid exfoliation. Detailed reviews of the above methodologies 

used to synthesise 2D NMs have been published previously by our 

group.36, 37 A brief overview of mechanical exfoliation, CVD and spin 

coating methods is described below. Mechanical exfoliation 

involves the extraction of the top layer of a 3D material by breaking 

weak inter-layer bonds such as π-π stacking. A well know example is 

Novoselvo et al using scotch tape to isolate monolayer graphene 

from graphite flakes.1 This approach is now also widely used to 

generate other 2D NMs such as BN and TMDs (i.e. NbSe2, 

Bi2Sr2CaCu2Ox and MoS2).
38 The method enables the isolation of 2D 

NMs in a highly pristine (minimal defects) and stable form, although 

this method is not scalable. CVD is an alternative approach to 

producing monolayer 2D NMs.39 It involves the use of a scaffold on 

which the 2D NMs are grown. After synthesis the scaffold is 

separated from the 2D NM via evaporation at ~1100 °C. The surface 

of the scaffold needs to be very different from that of the 2D NM 

for separation to occur. For example, zinc-sulphide nanoribbons, 

ammonia-borane with copper foil and stainless steel are different 

scaffolds used for growing monolayer BN nanoribbons, hexagonal 

BN and graphene sheets, respectively.39-41 The method has 

disadvantages, particularly the difficulty in separating the 2D NM 

from the scaffold, as well as the requirement for high temperatures 

and the use of explosive gases as carbon feedstocks. Spin coating is 

used to synthesise layers of 2D NMs from their respective 

precursors. For the production of graphene, polystyrene is used as a 

precursor, which is deposited onto a Ni substrate and heated in an 

argon atmosphere.42 For MoS2, dimethylformamide is used as the 

precursor along with n-butyl amine and 2-aminethanol to produce 

wafer-scale MoS2.43 Even though the spin coating method is simple 

there are disadvantages in the requirement for high temperatures 

(~800–1000 °C) to produce 2D NMs. These three methods only yield 

small quantities of graphene and as such are not widely utilised in 

biocatalysis studies using 2D NMs, with the exception of biosensor 

development. 

Liquid exfoliation is the most commonly applied method for 

larger scale production of 2D NMs. Despite being amenable to 

larger scale production, liquid exfoliation does not yield 2D NMs 

with the same level of purity and/or crystalline state as the 

methods outlined above. In a comprehensive discussion on the 

exfoliation of 2D NMs in liquids, Nicolosi et al outlined the four 

techniques currently used to isolate or synthesise 2D NMs: 

Oxidation followed by dispersion, intercalation, ultrasonication and 

ion exchange.16 The oxidation strategy uses concentrated acids to 

oxidise the surface of the 3D counterpart of the desired 2D NM, 

causing both exfoliation and modification of the surface with 

oxygen functional groups. The oxidised surface is then reduced to 

near pristine 2D NMs in a colloidal form using a suitable reducing 

agent, such as hydrazine, sodium borohydride or L-ascorbic acid (L-

AA). Liquid exfoliation is widely applied for producing GO and 
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chemically reduced graphene oxides (CRGOs).44, 45 The other 

synthesis approaches require breaking the bonds between the 

interlayers of the graphite. Intercalation uses ionic species, for 

example, sodium dodecyl benzene sulphonate, n-butyllithium and 

iodine monobromide, which form inclusion complexes between the 

exfoliated graphene sheets to reduce their interlayer binding 

energy.46-49 Further treatment with sonication or thermal shock 

results in highly exfoliated sheets of graphene that are 1-3 layers 

thick. This method has been used for the formation of graphene as 

well as other 2D NMs, such as MoS2.47-49 The major disadvantage of 

this method is that it is highly sensitive to any change in ambient 

conditions with respect to temperature and pH. 

The use of ultrasonic waves to exfoliate 2D NMs in solvents is a 

strategy that has become more common place in recent times.50 

These waves create cavitation bubbles between the interlayers and 

weakens van der Waals interaction between them. The surface 

energy of the solvent needs to be greater or equal to that of the 2D 

NMs interlayer energy forces.50 This results in a simple exfoliation 

protocol for the production of 2D NMs from their source. Solvents 

such as N-methyl-pyrrolidone and dimethylformamide have been 

used for the exfoliation of graphene and hexagonal-BN sheets.51-53 

Ion exchange is used in conjunction with ultrasonication to produce 

2D NMs from materials which possess exchangeable interlayer ions 

in their framework, such as LDHs (brucite), clays (vermiculite) and 

metal oxides (titanium dioxide). 54, 55 This method uses counterions 

which replace the interlayer ions, causing electrostatic repulsions 

which results in expansion of the interlayer space. Subsequent 

ultrasonication then completes the exfoliation process. Examples of 

counterions used include dodecyl sulphates to replace interlayer 

cations in LDHs,56 water replacing sodium in clays57 and 

tetrabutylammonium displacing anions in metal oxides.54 

The 2D NMs synthesised using the methods outlined above 

possess properties favourable for enzyme immobilisation. These 

properties can be further modified to change the attributes of the 

bound enzymes. These properties and functionalisations will be 

discussed below. 

Fig. 1 Graphene flakes visualised as a (A) schematic representation of 

hexagonal arranged of carbon atoms, (B) multilayer graphene flake with a 

thickness of ~3 nm on top of an oxidised Si wafer. (C) Atomic force 

microscopy (AFM) image of a 2 by 2 μm area of a flake near its edge, SiO2 

surface (dark brown) and a flake (orange) 3 nm in height and (D) an AFM 

image of monolayer of graphene. Reproduced (adapted) from ref 1 with 

permission from The American Association for the Advancement of Science.  

2.2 Transition metal dichalcogenides  

Following their successful isolation of graphene, Novoselvo et al 

applied their technique to isolate other 2D NMs, such as TMDs.38 

The structure of these materials resembles that of graphene, except 

that the carbon is replaced by a metal (M) atom covalently linked 

between two chalcogens (X) atoms, in the form of MX2.38 A family 

of group-VI TMDs such as molybdenum disulphide (MoS2), 

molybdenum diselenide (MoSe2), tungsten disulphide (WS2) and 

tungsten diselenide (WSe2) share a similar structural morphology 

(Figure 2). 

Fig. 2 Schematic of the lattice structure of bulk and monolayer transition 

metal dichalcogenides (TMDs). (A) Top view of a monolayer TMD crystal 

(left) and the unit cell (right). (B) Schematic of bulk or even-layer MX2 

structures (left) and the unit cell (right). Reproduced (adapted) from ref 58 

with permission from Royal Society of Chemistry. 

In a TMD monolayer the metal atom is covalently linked to six 

chalcogens in a trigonal-prismatic coordination that allows the 

metal to lie at the centre of the prismatic unit cell (Figure 2). The 

interlayer distance between bilayer TMDs is ~0.65 nm, which is 

higher than that of bilayer graphene (~0.33 nm), where the 

adjacent layers are connected via weak van der Waals forces at 

180° planar rotation.58 The surface chemistry of TMDs can be 

modified to give a variety of crystalline phases with distinct 

electronic properties, such as 1T, 2H and 3R.58 Chow et al stated 

that the surface-surface hydrophobicity of 2–3 layers of TMDs is 

~83–90°. Like graphene, these structures can be tuned to become 

more hydrophilic via oxidation.59
 

 

2.3 Properties of graphene and derivatives  

Novoselvo et al demonstrated that the mechanical exfoliation 

of graphite yielded pristine graphene and that a monolayer of 

graphene is atomically thin with hexagonally arranged sp2 

hybridised carbon atoms (Figure 1).1 The presence of sp2 domains 

adds hydrophobicity to graphene with a water contact angle in the 

order of 90–100°, as reported by Taherian et al.60 The graphene 
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surface can be tuned with concentrated acids to modify the level of 

oxidation. This allows the synthesis of graphite oxide, which is now 

known as graphene oxide (GO). There are several different methods 

for oxidising the surface of graphene, but the most commonly used 

are the Brodie’s, Staudenmaier, and Hummer-Offeman methods.45, 

61, 62 Each of these methods have their own pros and cons, as 

discussed by Boehm and Scholz.63 They found that Brodie’s method 

produced the most stable and pure forms of GO. They also noted 

that compared to the other approaches, the Hummer-Offeman 

method gave the lowest carbon:oxygen (C/O) ratio, resulting in a 

high degree of oxidation on the GO surface. As a result of the 

surface oxidation, the GO contains functional groups such as epoxy 

(C-O-C), hydroxyl (-OH), carboxyl (-COOH) and carbonyl groups (C-

O), as shown in Figure 3.64 The oxidised area on the surface of 

graphene results in sp3 hybridisation of the carbon orbitals. The 

surface functionalisation with oxygen groups shields the 

hydrophobic domains of graphene making the surface more 

hydrophilic, which is highly useful for the physical adsorption of 

biomolecules.65 These 2D graphene derivatives can be easily 

dispersed in large quantities in a colloidal form and used for 

applications such as enzyme immobilisation. Established structural 

models of 2D graphenes possess key surface features that make 

them useful for enzyme immobilisation, the hexagonal lattice and 

presence of hydrophobic/hydrophilic domains.  

 

Fig.3 Structural model of graphene oxide. 

2.3.1 Hexagonal lattice  

Hexagonal lattices in 2D NMs can be useful for immobilising 

enzymes, as it is favourable for the formation of π-π stacking 

interactions. Enzymes containing numerous aromatic residues can 

interact with the surface via these interactions. Further to this 

enzymes can also be functionalised with polycyclic aromatic groups 

to increase the strength of these interactions. Recently, Wang et al 

modified the surface of the enzymes catalase and glucose oxidase 

(GOx) with pyrene and subsequently immobilised them on 

graphene nanodots, as shown in Figure 4.66 First, 1-ethyl-3-(3-

dimethyl-aminoprpoyl) carbodiimide hydrochloride (EDC) and N-

hydroxysuccinimide (NHS) were used to functionalise the surface of 

the enzymes with a pyrene hydrocarbon. The pyrene-functionalised 

enzyme was then incubated with graphene nanodots. Due to the 

presence of similar hexagonal geometries in both the modified 

enzyme and graphene nanodots, the molecules formed a 

supramolecular assembly via π-π stacking, allowing the enzyme to 

be non-covalently bound to the nanodot surface.66 

 

Fig. 4 Schematic of the immobilisation of pyrene-functionalised enzyme on 

graphene nanodots. (A) Pyrene functionalisation of enzyme (glucose 

oxidase/catalase), followed by (B) incubation with graphene nanodots 

encaged in a porous gold electrode where immobilisation of the enzymes 

occurs via π-π stacking. Reproduced (adapted) from ref 66 with permission 

from Elsevier.  

2.3.2 Hydrophobic domains  

Hydrophobic domains are prominent features on the surface of 

pristine 2D NMs, but are partially concealed once the surfaces have 

been functionalised. This surface hydrophobicity enables non-

covalent interactions to occur, such as physical adsorption. As many 

enzymes possess hydrophobic domains in their protein structures, it 

is possible to physically adsorb them onto 2D NMs. Work by Zhang 

et al demonstrated the physical adsorption of enzymes onto CRGOs 

via hydrophobic interactions.67 Firstly, they altered the surface of 

GO by controlling the extent of chemical reduction with L-AA, with 

longer reduction times increasing surface hydrophobicity. Using the 

CRGOs with varying levels of surface hydrophobicity they 

investigated how this affected enzyme loading. As shown in Figure 

5, hydrogen peroxidase (HRP) and oxalate oxidase (OxOx) were 

adsorbed (or loaded) onto the CRGOs, with loading increasing as 

the surface hydrophobicity of CRGOs (-2<-4<-12 hours) increased. 

However, the loading capacity was selective with respect to 

enzyme, with the CRGOs able to bind more OxOx (12 mg mg-1) than 

HRP (1.3 mg mg-1). Similar techniques have been applied across 

different enzyme classes to immobilise them onto 2D NMs. This will 
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be discussed in Section 3. 

Fig. 5 Immobilisation of the enzymes horseradish peroxidase (HRP) and 

oxalate oxidase (OxOx) on chemically reduced graphene oxides (CRGOs) of 

varying hydrophobicity. (A) HRP and (B) OxOx loading on graphene oxide 

(GO) and CRGOs as a function of the total amount of enzyme. Weights of GO 

and CRGOs 1 mg. Reproduced from ref 67 with permission from John Wiley 

and Sons.  

2.3.3 Hydrophilic domains 

Oxidised 2D NMs show a high degree of hydrophilicity on their 

surface due to the presence of functional groups (noted in Section 

2.2). In their colloidal state, deprotonation of these functional 

groups imparts a negative charge onto the 2D NMs. In this state 

NMs remain stable across a wide pH range from 2 to 10.26 This 

property is often used for immobilising enzymes via electrostatic 

interactions. When using this technique it is essential that the 

isoelectric point (pI) of the 

target enzyme is known, so that the pH of the colloidal solution can 

be controlled and immobilisation on the negatively charged 

graphene oxide can proceed. As Mathesh et al showed, variation in 

pH can have significant effects on the immobilisation of HRP (pI 7.2) 

and GOx (pI 4.2) on GO and CRGOs.68 In their experiment, they 

showed that GO tended to undergo electrostatic interactions with 

enzymes, while CRGOs led to hydrophobic interactions. They 

demonstrated this by studying the interaction at different pH. At pH 

lower than their respective pIs both HRP and GOx attained a net 

positive charge and underwent electrostatic interaction with the 

negatively charged GO. As the pH increased the positive charge on 

the surface of enzymes decreased, resulting in repulsion from GO 

and decreased loading. In contrast, interaction with CRGOs had no 

effect on enzyme loading across a wide range of pH values. This 

suggests that the hydrophobic moieties in the enzyme structures 

were adhering to the graphitic regions on the CRGOs.68 Through the 

examples provided above it can be seen that the surface 

chemistries of 2D NMs, with respect to how they are fabricated, 

their hexagonal lattice, hydrophilicity and hydrophobicity, have a 

significant impact on enzyme immobilisation. Graphene derivatives 

and TMDs have been applied in a large number of enzyme 

immobilisation studies. Their 2D structural morphologies are 

discussed in the following sections.  

 

3. Enzymes and the strategies used to immobilise 
them on 2D NMs 

Over the last 5 years there have been numerous studies of 

enzyme immobilisation on graphene and other 2D NMs. In the past 

a lack of experimental evidence at a molecular level has resulted in 

ambiguity in our ability to predict the effect of immobilisation on 

enzymes and their activity/selectivity towards substrates. A review 

by Rodrigues et al highlights some of the factors that can contribute 

to changes in enzyme activity.69 The use of 2D NMs as 

immobilisation supports enables the use of a range of analytical 

techniques, such as atomic force microscopy, not applicable to 

studying enzymes bound to micro- and macro-supports. These can 

shed light on immobilisation mechanisms. A range of different 

enzyme classes have been immobilised (Table 1) on 2D NMs for a 

variety of different applications. Most studies have attempted to 

control and modulate enzyme activity, selectivity, specificity, 

stability and reusability on 2D NMs. Immobilisation has been 

achieved by either non-covalent (via physical adsorption and ionic 

interaction) or covalent (via cross-linking) approaches.22 The 

following sections provide further detail about the strategies 

implemented in the immobilisation of enzymes (as listed in Table 1) 

on 2D NM-based matrices. 

 

Table 1. Examples of enzymes that have been immobilised on 2D NMs 

Enzyme Source 
Enzyme 

class 
Immobilisation via Application Ref. 

D-Psicose 3-

epimerase 
Agrobacterium tumefaciens 5.1.3.30 

Hydrophobic 

van der Waals 
Biocoversion 70 

β-Glucuronidase Penicillium purpurogenum 3.2.1.31 Adsorption Biotransformation 71 

Laccase 

Rhus vernicifera 

Aspergillus oryzae Trametes 

versicolor 

1.10.3.2 

Ionic 

Covalent 

Non-covalent 

Encapsulation 

Entrapment 

Electro-immobilisation 

Biocatalyst  

Biofuel cell 

Biosensors  

72-79 

 

 

 

Trypsin 
Bos Taurus & Sus scrofa 

(pancreas) 
3.4.21.4 

Ionic 

Hydrogen bonds 

Bio-imaging 

Biocatalyst 
80-82 

β-Galactosidase 
Cicerarietinum 

Aspergillus niger 
3.2.1.23 Covalent Lactose reduction 83 

Nuclease Penicillum citrinum  3.1.31 
Ionic 

Hydrophobic 
Nucleotide reduction 84 
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Peptide  

N-glycosidase F  
Flavobacterium menigosepticum 3.5.1.52 Covalent 

Fast detection of N-

glycan (polysaccharides) 
85 

Horseradish 

peroxidase  

 

Armoracia rusticana 1.11.1.7 

Electro deposition 

Covalent 

Non-covalent 

Hydrophobic 

Ionic 

Immunosensor for 

bacterial detection  

Biosensor 

Biocatalysis 

Biomedicine 

68, 75, 86-97 

Acid pectinase Aspergillus niger 3.2.1.15 Cross-linking  Hydrolysis of pectic acid 98 

β-Amylase Trigonella foenum-graecum 3.2.1.2 Covalent  Biocatalyst 99 

Tyrosinase Agaricus bisporus  1.14.18.1 

Covalent cross-linking 

Ionic 

Hydrophobic electro-

immobilisation  

Phenolic compound  

remediation 

Biosensor 

79, 100, 101 

Glucoamylase Aspergillus niger 3.2.1.3 
Covalent  

Non covalent 

Biocatalyst, 

Bioconversion 
102, 103 

Cellulase Bacillus subtilis 3.2.1.4 Covalent  Biocatalyst 104 

Phytase Bacillus subtilis 3.1.3.8 Covalent  Biocatalyst 105 

Lysozyme Micrococcus lysodeihticus 3.2.1.17 Adsorption Biocatalyst 106 

α-Chymotrypsin Bos taurus (pancreas) 3.4.21.1 

Ionic 

Covalent 

Hydrophobic 

Protein inhibitor 

Biocatalyst 

Enzyme inhibitor 

107-109 

Cytochrome C Equus caballus (heart) 1.1.2.8 
Ionic 

Hydrophobic 
Biocatalysis 110 

Cholesterol oxidase Streptomyces Sp. 1.1.3.6 Electro-deposition Biosensor 88 

Topoisomerase I 

Homo sapiens 

(expressed in Saccaromyces 

cerevisiae) 

5.99.1.2 Covalent 
Enzyme detection in 

crude samples 
111 

Lipase 

Rhizopus oryzae  

Candida rugosa, Penicillium 

camemberti 

Alcaligenes Sp. 

Candida antartica 

3.1.1.3 

Covalent  

Adsorption 

Ionic 

Cross-linking 

Biocatalyst 112-116 

Esterase 

Bacillus subtilis 

Pyrobacterium calidifontis 

Geobacillus thermoleovaroans 

3.1.1.1 
Covalent 

Adsorption 
Biocatalyst 116 

Microperoxidase-11 Equus caballus (heart) 1.11.1.7 Entrapment Biosensor 117 

Oxalate oxidase Hordeum vulgare L. 1.2.3.4 Adsorption Biosensor 118 

Polyphenol oxidase Agaricus bisporus 1.10.3.1 Covalent Biosensor 119 
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Naringinase Aspergillus niger 3.2.1.40 Adsorption Biocatalyst 120 

Urease Canavalia ensiformis 3.5.1.5 
Layer by layer 

assembly 
Biosensor 121 

Acetylcholinesterase Electrophorus electricus 3.1.1.17 Adsorption Biosensor  122, 123 

Proteinase K Tritirachium album 3.4.21.64 Ionic Biocatalyst  82 
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3.1 Non-covalent immobilisation 

Non-covalent immobilisation provides the most straight 

forward approach to attaching enzymes onto 2D NMs. It involves 

mainly physical adsorption/deposition via hydrogen bonds, van der 

Waal forces, hydrophobic and electrostatic interactions. These 

forces are generally weaker than covalent bonds and are formed 

based on their ability to attract through dipole-dipole forces, 

intermolecular forces, similar surface residues and opposing surface 

charges between enzyme and matrix. The following section 

highlights different examples of enzymes that have been non-

covalently bound to graphene and graphene derivatives which have 

been functionalised using a range of approaches. 

The first non-covalent immobilisation of an enzyme on 

unmodified graphene was the physical absorption of GOx, of 

interest because of its application in glucose sensors.146 The bound 

GOx was found to retain its native conformation and exhibited 

direct electron transfer from the active site to the graphene 

electrode surface. This is perhaps the simplest fabrication and 

immobilisation of GOx onto a graphene electrode. Zhang et al 

developed a novel layer by layer (LBL) method to functionalise the 

surface of graphene for GOx immobilisation.139 This involved the 

surface being functionalised with two water soluble functional 

groups, copper phthalocyanine-3,4’,4’’,4’’’-tetrasulfonic acid 

tetrasodium salt (TSCuPc) and an alcian blue pyridine variant (AB). 

The two functionalised graphenes were assembled together 

through alternating electrostatic interactions. This was achieved by 

functionalising the glassy carbon electrode with negatively charged 

sulfanilic acid to immobilise the positively charged graphene–

TSCuPc (GR-TSCuPc), over which the negatively charged graphene–

AB (GR-AB) was assembled. This modification allowed the positively 

charged GR-AB to interact with the negatively charged GOx. As 

discussed in section 2.3, GOx has also been immobilised by 

modifying the structure with pyrene functionalities to facilitate π-π 

stacking interactions on graphene nanodots. Das et al and Qu et al 

immobilised GOx via electrostatic interactions and physical 

adsorption on graphene modified with metal nanoparticles for use 

in biofuel cells.77, 137 When the nanoparticles were closely packed 

on graphene the enzyme loading capacity and electron transfer 

kinetics was improved. 

The first non-covalent immobilisation of HRP on GO was carried 

out by Zhang et al through electrostatic interaction.96 The 

immobilisation was studied at different pH values with pH 7 

resulting in the most efficient immobilisation. Following this initial 

study a detailed analysis of the stability and catalytic activity against 

different phenolic substrates was performed.95 Immobilisation of 

HRP on GO was favoured by the enzyme’s surface functional 

groups, but on graphene the immobilisation was inefficient, 

requiring the addition of linkers. For example, sodium 

dodecylbenzenesulfonate (SDBS) was used to functionalise 

graphene to impart a negative charge on the surface, which 

enabled the immobilisation of HRP via electrostatic interactions.92 A 

novel immobilisation technique using host-guest supramolecular 

interactions has also been demonstrated between HRP and GO.87 

This involved the surfaces of both being modified, as shown in 

Figure 6. The GO is functionalised with the natural polymer beta-

cyclodextrin (β-CD) and subsequently reduced to β-CD-graphene in 

the presence of hydrazine (reducing agent), while HRP is covalently 

functionalised with the chemical group adamantane. Both of these 

complexes then undergo supramolecular host-guest interactions to 

form a nanobiocomposite with utility in the detection of hydrogen 

peroxide.92 

Fig. 6 Schematic representation of the fabrication of the HRP-ADA/CD-

graphene/GC electrode and the principle for H2O2 determination. 

Reproduced from ref 87 with permission from Elsevier.   

Immobilisation of HRP on reduced graphene oxide (rGO) was 

taken a step further by introducing the magnetic particle Fe3O4 

(Figure 7).75 Different percentages of iron content on GO were 

studied as matrices for HRP immobilisation, with each reduced to 

Fe3O4-rGO (with varying percentages of Fe3O4). When compared 

with free HRP, rGO or Fe3O4, it was found that composites 

containing high percentages of Fe3O4 provided improved adsorption 

Page 8 of 21Journal of Materials Chemistry B



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 8 

Please do not adjust margins 

Please do not adjust margins 

of HRP, increasing the enzyme’s activity and stability. This 

technique was also implemented in the immobilisation of laccase, 

with the same advantages being apparent.75  

 

 

Fig. 7 Schematic diagram for the synthesis and immobilisation of an enzyme 

on rGO-Fe3O4 composite particles. Reprinted with permission from ref 75. 

Copyright 2017 American Chemical Society. 

 

Laccase (from Rhus vernicifera) was immobilised on GO via 

electrostatic interactions for the purpose of quantifying 

extracellular oxygen released by human erythrocytes.72 This used 

2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) as a 

redox mediator integrated between laccase and GO. The surface of 

GO was functionalised with ABTS through π-π stacking interactions, 

imparting a net negative charge on the surface allowing for the 

electrostatic adsorption of the enzyme.72 Another laccase (from 

Trumpets versicolor) was immobilised on a novel support utlising 

copper-phosphate crystals, GO and carbon nanotubes (CNT) to form 

a self-assembling 3D nanoflower hybrid composite, as shown in 

Figure 8.76 This is a one-pot immobilisation strategy to attach 

laccase onto the 3D microcomposite, in which all of the 

components are mixed and incubated together.76  

Fig. 8 A 3D flower-like structure formed through the self-assembly of a 

hybrid nanocomposite of graphene oxide, carbon nanotubes, copper 

phosphate and laccase (from Trumpets versicolor). Reproduced from ref 91 

with permission from Elsevier.   

The composite was formed primarily through the coordination of 

the amine backbone of laccase with copper-phosphate crystals, 

creating laccase-copper phosphate lamellae. The individual lamella 

then self-assembled via protein-protein interactions between 

laccase on neighbouring lamellae to form a flower-like structure. 

CNT and GO were incorporated together within the microcomposite 

through electrostatic interactions in the presence of copper ions. In 

the finished composite the CNTs intertwine with the lamellae and 

act as interlayer spacers between GO sheets. The GO also 

encapsulated the laccase, preventing interaction between 

neighbouring enzyme molecules and GO sheets.76 The resulting 

biocomposite exhibited improved enzyme loading capacity and 

activity when compared with other enzymes (cytochrome c) 

immobilised on 3D metal organic frameworks.76 It is thought that 

the semi microporous structure and interlayer space between 

individual laccase molecules facilitates their interaction with 

substrates and improves activity.76
 

Interfacial activation is a phenomenon commonly associated 

with lipases, where they tend to exhibit enhanced catalytic activity 

in the vicinity of hydrophobic surfaces, whether from a substrate or 

a support. This is because the lid covering the active site of the 

lipase is usually surrounded by hydrophobic domains that 

favourably interact with other hydrophobic groups/surfaces. 

Exploiting this property Mathesh et al immobilised lipase QLM from 

Alcaligenes sp. on CRGOs with different levels of hydrophobicity on 

their surface.115 The surface hydrophobicity was controlled by 

reducing the oxygen-containing functional groups on the surface of 

GO for different lengths of time with L-AA. The resulting CRGOs 

possessed different levels of hydrophobicity, allowing for the effect 

of this variable on enzyme catalytic properties to be investigated. 

A number of enzymes have been immobilised using physical 

adsorption through electrostatic, hydrophobic and π-π stacking 

interactions. Enzymes that have been immobilised by these means 

include OxOx, cellobiohydrolase, xylosidase, 1-4-β-N-acetyl-

glucosoaminidase, D-psicose-3-epimerase, β-galactosidase and 

tyrosinase.101, 118, 154, 155 The immobilisations were carried out 

without the requirement of surface modification to either the 

enzyme or 2D NMs. The direct adsorption of these enzymes on 2D 

NMs has been shown to have a significant effect on both their 

structure and function 

Trypsin is a biologically important proteolytic enzyme that is 

used as a treatment for pancreatic insufficiency as well as for many 

industrial and laboratory applications. Understanding interactions 

between the enzyme and matrix are essential for efficient 

utilisation of this enzyme in immobilised forms. Jin et al 

immobilised trypsin on GO which had been modified with 

polyethylene glycols (PEGs).82 Amino terminated PEGs of different 

lengths (e.g. 2 kDa PEG diamine (2k-l-NH2-PEG-NH2) and 10 kDa 6 

arm branched PEG (10k-6br-PEG-NH2) were covalently linked to GO. 

The positively charged amino terminals on the PEGylated GO were 

able to electrostatically interact with trypsin.  

 
3.2 Covalent immobilisation 

The surface of 2D NMs can be functionalised with epoxy or 

carboxyl groups. The reactive epoxides can form covalent bonds 

directly with the enzyme through its N-terminal. Alternatively 

various combinations of peptides and crosslinking agents can be 

used to attach enzymes through their C-terminal or sidechains. 

Although covalent interaction is very stable and removes the 

problem of enzyme leaching, the site(s) of covalent attachment may 

have significant effects on the enzyme structure and activity and do 

not allow for recovery of the enzyme from the support. Wu et al 

electrosprayed a mixture of PVA, glutaraldehyde and graphene to 

form a stable biocompatible matrix for GOx immobilisation.153 
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Electro-grafted polymer from N-succinimidyl acrylate (NSA) has also 

been applied to covalently bond GOx to electrochemically reduced 

graphene oxide.148 Similarly Ruan et al used dopamine (DA) and GO 

to immobilise GOx.131 DA, GO and GOx were mixed together and 

dropcast onto a gold electrode and then electrochemically oxidised 

(Figure 9). As a result DA polymerised to form poly-DA (PDA) and 

GO was reduced concomitantly, with PDA acting as a cross-linker to 

attach GOx to GO.131 The above methods describe three different 

approaches to covalently bind GOx to polymer-modified graphenes. 

Although all of the methods result in direct electron transfer from 

the active redox centre of the enzyme to the electrode surface, they 

differ in the simplicity of the biosensor fabrication. PDA is the 

simplest of the three, and provides an inexpensive and green 

strategy to fabricate a glucose biosensor using 2D graphenes. The 

polymer chitosan has been applied as a cross-linker to immobilise 

GOx to graphene modified electrodes. Chitosan functions by cross-

linking amino acids on the enzyme surface, improves 

biocompatibility and the ability to form films, and modifies the 

surface properties of graphene and GOx. For example, when 

nitrogen-doped graphene is incorporated into a chitosan matrix,126, 

135 GOx absorption is enhanced and imparts a net positive charge to 

the bionanocomposite at pH below the molecules pI. This makes 

the assembly of the bionanocomposite on the electrode surface 

simpler and more efficient.126, 135 

Fig. 9 Schematic representation of the process of immobilising glucose 

oxidase on graphene crosslinked with poly-dopamine, on a gold electrode. 

Reproduced from ref 131 with permission from Elsevier.   

Covalent immobilisation of GOx was also investigated on other 

2D NMs. Su et al replaced graphene with MoS2 and covalently cross-

linked GOx onto gold-modified MoS2 (AuNp/MoS2) using 

Nafion.156  

A novel hydrogen peroxide biosensor with Au NPs and chitosan was 

developed by Zhou et al.157 Graphene and HRP were co-immobilised 

into a chitosan matrix which showed an excellent electrocatalytic 

response towards hydrogen peroxide. To further improve the 

biosensor’s sensitivity the immobilisation of HRP was carried out 

with graphene quantum dots (GQDs) via a peptide amino linkage 

between carboxyl and amino groups present on GQDs and HRP, 

respectively.93 The fabrication method used NHS and EDC to 

activate the -COOH groups before coupling with HRP. The 

immobilised HRP-GQD was then dropcast onto a glassy carbon 

electrode before being incubated with chitosan to securely attach 

HRP-GQD to the modified electrode surface. A multi-point covalent 

immobilisation of laccase (from Trametes versicolor) on GO was 

accomplished by Patila et al to form multilayered enzyme-graphene 

nanostructures.74 In this work GO was functionalised with 

hexamethylenediamine to introduce amino groups on the surface. 

The laccase was then covalently immobilised using glutaraldehyde 

as a cross-linking agent. The biocatalytic activity of this composite 

was measured against industrial pollutants, such as anthracene and 

pinacynaol chloride (dye), to investigate the degradation of these 

compounds. The activity of the immobilised material for the 

degradation of the pollutants increased as the thickness of the 

nanoassembly increased. These findings show promise for the 

application of these composites in the removal of industrial 

pollutants.74 

A range of different lipases from Rhizopus oryzae, Candida 

rugosa and Penicillium camemberti have been covalently 

immobilised on GO to investigate their tolerance in polar 

protic/aprotic and non-polar solvents, as well as their conversion 

rate of fatty acids into acylglycerols.114 Hermanova et al. used 

glutaraldehyde to crosslink lipases with GO prepared by either the 

Brodie or Staudenmaier methods. Glutaraldehyde was added at 

different stages in the immobilisation protocol (to the GO 

dispersion prior to immobilisation, to non-specifically immobilised 

enzyme on GO and to the GO dispersion simultaneously with the 

lipase) to investigate how this affected the activity and stability of 

the immobilised enzyme.114 A lipase from Yarrowia lipolytica was 

covalently immobilised on carboxyl-functionalised GO. The COOH 

was functionalised through the addition EDC and NHS-facilitated 

conjugation improving the coupling efficiency between enzyme and 

GO.112 Amine-functionalised GO has also been used in the covalent 

immobilisation of lipases and esterases.116  

Further to the examples outlined above, a number of other 

industrially useful enzymes have been immobilised on 2D NMs. 

Examples include cellulase, alcohol dehydrogenase, nuclease P1, 

tyrosinase, beta-glucuronidase, N-glycosidase, urease, D-psicose-3-

epimerase, beta-galactosidase, cytochrome C and 

acetylcholinesterase.70, 71, 84, 101, 107, 108, 121, 124, 155, 158 However, 

compared to enzymes such as GOx, HRP, laccases and lipases the 

number of works published using these enzymes with 2D NMs is 

relatively low. Examples of the enzymes β-galactosidase, peptide-N-

glycosidase-F (PNGaseF), polyphenol oxidase, cellulase, tyrosinase, 

glucoamylase phytase covalently immobilised on GO derivatives are 

also present in the literature. The surface modifications made to GO 

that allow for the covalent immobilisation of these enzymes are 

described below. Immobilisation was carried out using thiol-

functionalised graphene sheets (β-galactosidase cross-linked by 

glutaraldehyde), carbodiimide-activated amidation on GO 

(PNGaseF), Fe2O3-polymer (poly(3,4-ethlenedioxythiophene)) 

functionalised rGO (polyphenol oxidase), magnesium oxide 

functionalised GO (cellulase), GO (tyrosinase cross-linked by 

glutaraldehyde or EDC/NHC), cyanuric chloride conjugated F22O3-

GO (glucoamylase) and Mg NPs conjugated GO (phytase). Most of 

the above enzymes were immobilised in attempts to improve their 

performance in biocatalytic and biosensory-related applications.  

The incorporation of 2D NMs into aerogels for use in enzyme 

immobilisation is another rapidly expanding branch of research. 
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Aerogel matrices have been used for some time, however in most 

cases the prepared sol-gel conditions are still too harsh for many 

biomolecules. Recently a graphene/γ-Fe2O3 aerogel was synthesised 

using a supercritical drying method and produced a matrix with 

dual functionality.71 The presence of graphene adds conductivity 

and increases the rate of electron transfer, while Fe2O3 provides a 

magnetic quality which aids in separation of the matrix from 

reaction products. This matrix was synthesised by mixing GO, 

Fe2O3.6H2O and epichlorohydrin together in dimethylformamide. 

The addition of epichlorohydrin initiated the hydrolysis and 

polycondensation of Fe2O3.6H2O, which was then dried using 

supercritical CO2 and subsequently carbonised at 260 °C in an argon 

atmosphere. This aerogel precursor was then used to produce 

either γ-Fe2O3 through etching or graphene aerogels through 

calcination. The synthesised graphene/γ-Fe2O3 was then used to 

immobilise β-glucuronidase and applied in the biotransformation of 

glycyrrhizin into glycyrrhetinic acid. High enzyme loading of 2.5 

mg/mL was achieved and the immobilised material possessed good 

biocompatibility and high activity.71  

In some instances GO may act as an inhibitor of the enzymes 

immobilised on it. De et al pioneered studies using GO to strongly 

inhibit α-chymotrypsin (ChT) (Figure 10).107 They showed that ChT 

can undergo electrostatic, hydrophobic and π-π stacking 

interactions to bind to the surface of GO. These interactions 

progress from initial electrostatic interactions, and are followed by 

strong adsorption of the enzyme active site at the interface, due to 

hydrophobic interactions.107 It was demonstrated that a 20 μg/mL 

concentration of GO was sufficient to completely inhibit the activity 

of 3.2 μM concentration of ChT. Interestingly, this interaction is 

reversible at high salt concentrations, which interferes with the 

surface charge and nullifies the electrostatic interactions.107 The 

mechanisms by which ChT interacts with GO and graphene have 

been reported in detail using both theoretical and experimental 

studies.107, 109 Sun et al attempted to minimise or remove the 

inhibitory effect of GO on ChT by functionalising the surface of GO 

with tripod-binding motifs (Figure 11).108 Two different tripods (1 

and 2) were designed and used to functionalise the surface of GO. It 

was found that compared to GO, the inhibitory effect was 

diminished when ChT was immobilised on GO functionalised with 

the tripods. Comparing immobilisation of ChT on modified and 

unmodified GO allowed the surface features that affect the activity 

of ChT to be investigated. They found that the presence of 

hydrophobic domains on GO significantly deformed the active site 

of ChT after immobilisation. The functionalisation of GO with 

tripods effectively provides a spacer between the hydrophobic 

regions and the active site of ChT, preserving the activity of ChT 

once immobilised.108  

Fig. 10 Degree of α-chymotrypsin inhibition by various nanomaterials 

relative to the inhibitor concentration. Reproduced with permission from ref 
107. Copyright 2011 American Chemical Society 

 

In addition to graphene and graphene-based derivatives, 

research into immobilisation of enzymes with other 2D NMs is also 

expanding. An example is the work of Nasir et al who used different 

1T-phase TMDs, such as MoS2, MoSe2, WS2 and WSe2, to evaluate 

their performance in the detection of an organophosphate 

pesticide (fenitrothion).158 Acetylcholinesterase (AChE) was 

immobilised covalently on the TMDs using glutaraldehyde as a 

cross-linker and then tested for activity. The immobilised AChE 

interacts with acetylcholine and results in electron transfer to the 

electrode surface. In the presence of fenitrothion the active site of 

AChE is irreversibly inhibited and electron transfer ceases allowing 

detection of the compound. It was found that WS2 was the most 

efficient in detecting fenitrothion, most likely due to the high 

loading capacity (due to the exfoliation using tert-butyllithium) of 

this material, allowing for more AChE to be bound.  

Fig. 11 Schematic showing the functionalisation of graphene oxide (GO) with 

tripod binding motifs. (A) Model depicting the interaction of chymotrypsin 

(ChT) and AF 488 to native GO and GO functionalised with tripod 1. ChT 

activity and AF 488 fluorescence are lost when the hydrophobic regions are 

solvent exposed (left). Tripod 1 passivates the hydrophobic regions and 

reacts with primary amines to anchor active ChT and AF 488 to the surface 

(right). (B) Structures of the tripods 1 and 2. Reprinted (adapted) with 

permission from ref 108. Copyright 2015 American Chemical Society. 

4. Modifying enzyme structure and function 
through immobilisation on 2D NMs 

To facilitate the immobilisation of a range of enzymes on 2D 

NMs, a variety of surface functionalisations have been applied. The 

interaction of enzyme structures, including specific residue side 

chains and/or active sites with a solid support is highly dependent 

on the support’s surface features. With this in mind the surface 

properties of 2D NMs can be tailored to modify and potentially 

control the biocatalytic activity of different enzymes. Here, we 

discuss examples of work carried out immobilising different 

enzymes to GO, GO derivatives and TMDs and how this can 

contribute to the modification of enzyme structure and function.  

 
4.1 Modulation of enzyme properties 

 

4.1.1 Enzyme conformation 

The presence of hydrophilic or hydrophobic domains on support 
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surfaces can be used to bind enzymes and in some instances modify 

enzyme structure from its native/unbound conformation. A number 

of studies using 2D NMs have demonstrated this. The 

immobilisation of lysozyme on hydrophilic GO and hydrophobic rGO 

showed that the enzyme’s activity was retained on rGO, but 

inhibited by GO.106 Lysozyme undergoes multiple interactions with 

GO, including π-π stacking, hydrophobic interaction, hydrogen 

bonding, van der Waals and electrostatic forces, which causes 

lysozyme to flocculate and form long fibre-like structures. Structural 

characterisation studies revealed that the intrinsic fluorescence of 

tryptophan (Trp) residues in lysozyme bound to GO and rGO were 

altered. This showed that the fluorescence was quenched 

significantly more in the presence of GO (65% decrease in 

fluorescence compared to free lysozyme) than with rGO (15% 

decrease). This quenching of intrinsic Trp fluorescence indicated 

that lysozyme underwent denaturation, exposing Trp residues to 

the aqueous environment. As Trp62 and Trp63 are close to the 

active site, these changes may be linked to the loss of activity when 

lysozyme was bound to GO. The interaction of lysozyme with rGO 

was significantly lower and therefore impacted activity less.106 

A molecular dynamic study using trypsin and ChT as model 

enzymes showed that hydrophilic amino acid residues, mainly lysine 

and asparagine, interacted through strong hydrogen bonds with the 

epoxy and carboxyl groups of GO.109 Interaction of a single molecule 

of ChT covered a large surface area of approximately 12.3 nm2 

when it was adsorbed onto the surface of GO. However, through 

the interaction with the rGO surface, the area of absorption of ChT 

was only 8.6 nm2. The αγ-region on the catalytic site of ChT, known 

as the S1 specific pocket, is an important locus for controlling 

enzyme specificity and efficiency. This region was 18.6 Å away from 

the graphene surface, but only 7.2 Å away from the GO surface, 

leading to increased deformation of the ChT active site on GO. The 

residue sequence of ‘TNCKKYW’ contained within the α-helix acts as 

an anchor to fix the enzyme to the surface prior to interaction by 

active site adsorption on GO (Figure 12). This interaction partially 

blocks the active site and inhibits the activity of ChT.  

 

Fig. 12 Molecular dynamic representation of ChT interaction with graphene 

oxide (GO). Active site of chymotrypsin (ChT) is deformed after ChT is 

adsorbed onto the surface of GO, as the α-helix of ChT acts as an anchor site 

interacting with GO. Reprinted with permission from ref 109. Copyright 2012 

American Chemical Society. 

 

Pavlidis et al immobilised a range of lipases and esterases onto 

GO, both covalently and non-covalently, to assess the effect of 

different immobilisation methods on catalytic behaviour.116 In most 

instances the enzymes bound non-covalently performed 

esterification (lipase) and transesterification (esterase) at a higher 

rate. However, lipase from C. rugosa and esterase from G. 

thermoleovorans were more active when covalently immobilised. In 

addition, covalently bound lipase B from Candida antarctica was 

shown to retain more activity after multiple reaction cycles. A 

correlation was also seen between enzyme secondary structure (α-

helical content) and catalytic activity, with higher activities 

associated with greater percentages of α-helix. The esterase from 

B. subtilis was an exception to this trend and despite similar 

percentages of α-helix, was only active when non-covalently bound 

to GO, showing no activity when covalently bound. These studies 

highlight the complexity of understanding how to control these 

processes and that successful immobilisation relies not only on the 

properties of the nanomaterial or the immobilisation procedure, 

but also to the specific properties of different enzymes themselves.  

Fig. 14 Conformational and energetic changes of the lipase QLM (from 

Alcaligenes Sp.) upon interaction with graphitic nanosheets. (A) Final 

conformation of QLM on the GO nanosheet. (B, C) Final conformations of 

QLM on the GO/GR1 and GO/GR2 nanosheets, respectively. (D) Final 

conformation of QLM on the GR nanosheets. (E) Angles between the lipase 

lid and support surface after QLM adsorption onto different nanosheets. (F) 

Time-dependent interaction energies between QLM and the graphitic 

nanosheets (yellow, GO; green, GO/GR1; blue, GO/GR2; black, GR). (G) 

Proposed mechanism for the enhanced activity of QLM on a hydrophobic 

support: adsorption facilitates side-on substrate access to the QLM active 

site. The active site inside the QLM (transparent and cyan) is depicted as red 

dot. Reprinted (adapted) with permission from ref 115. Copyright 2016 

American Chemical Society. 

As discussed in section 3.1, lipases undergo interfacial activation in 

the vicinity of hydrophobic interfaces. As such, 2D NMs with 

hydrophobic surface properties, such as GO/CRGOs, can be used to 

physically adsorb lipases. Lipase activity can be partially controlled 

Page 12 of 21Journal of Materials Chemistry B



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 12  

Please do not adjust margins 

Please do not adjust margins 

or modified by tuning the surface of GO to give CRGOs of varying 

hydrophobicities.115 Non-covalently immobilised lipase QLM 

(Alcaligenes sp.) on CRGOs of varying hydrophobicities was reacted 

with lipid substrates (olive oil and p-nitrophenol palmitate). The 

activity increased as surface hydrophobicity was increased to a 

point (CRGO reduced for 4 h), before decreasing with more 

hydrophobic surfaces. Trajectory molecular dynamic simulation 

studies showed a detailed interaction of lipase QLM on the 

hydrophilic (GO), partially hydrophilic (GO/GR1), partially 

hydrophobic (GO/GR2) and hydrophobic (GR) surfaces (Figure 14). It 

was observed that the lipase lid interacted with the hydrophobic 

domain on all surfaces. For GO the hydrophobic lid was pinned and 

little mobility was observed on the surface. But as the surface 

hydrophobicity increased the lipase showed more mobility due to 

increased hydrophobic interaction. The lipase interacted with 

hydrophilic or partially hydrophobic (GO/GR1/GR2) surfaces, i.e. it 

adsorbed either on edges or moved to hydrophobic domains before 

completely binding with the surface (Figure 14B/C). CD and ATR-

FTIR spectroscopy showed changes in secondary structure with a 

transition from α-helix to β-sheet as the surface hydrophobicity 

increased.115 Unlike the study by Pavlidis et al, this work showed 

that the decrease in α-helix can result in an increase in activity and 

further emphasises how specific enzymes can react differently with 

2D NMs. 

 

4.1.2 Enzyme activity, selectivity and stability 

In an attempt to improve the activity, selectivity and stability of 

various enzymes, the surface chemistry of 2D NMs can be modified 

with suitable functional groups. However, these approaches may 

vary with respect to different enzyme classes and cannot be 

generalised. Some of the enzymes immobilised on unmodified and 

modified 2D NMs to enhance the above enzyme properties are 

discussed below. 

A lipase from Yarrowia lipolytica was covalently immobilised on 

carboxyl-functionalised GO.112 Hydrolysis of olive oil at 40 °C 

showed that the immobilised lipase retained 80% activity in 

aqueous media compared to the free lipase. This decrease in 

activity was attributed to changes in the secondary structure of the 

bound enzyme, with 73.6% α-helix content retained relative to the 

free enzyme. In non-aqueous conditions the activity of the 

immobilised lipase was found to be higher. The enantiomeric 

resolution of (R,S)-1-phenylethanol by both immobilised and free 

lipase was compared in heptane, with (R)-1-phenylethanol 

converting to (R)-1-phenylethyl acetate when reacted with vinyl 

acetate, while (S)-1-phenylethanol is unchanged. The catalytic 

efficiency (kcat/Km) of the immobilised lipase to resolve the racemic 

mixture was 1.6-fold higher than that of the free lipase.  

This work demonstrates that immobilisation of lipase on GO has 

the ability to improve the specificity and catalytic rate at which the 

enzyme carries out reactions. Hermanova et al investigated the 

effect of non-covalently and covalently binding lipases from 

Rhizopus oryzae, Candida rugosa and Penicillium camemberti to GO 

and assessing the enzyme activity and stability in a range of 

solvents.114 They found that lipase from R. oryzae was the most 

active in carrying out an esterification reaction for the formation of 

acylglycerols with a range of fatty acid chain lengths. R. oryzae 

lipase retained the highest activity of the three lipases when tested 

in different solvent types, displaying the highest selectivity in polar 

aprotic (acetone) and protic (isopropanol) solvents. Other work by 

the group using R. oryzae lipase demonstrated improved thermal 

and solvent stability of the enzyme when immobilised on GO.113 

Importantly they showed that the methods by which GO is 

prepared (Brodie or Staudenmaier methods) and the order of steps 

in the immobilisation protocol (i.e. when/if glutaraldehyde is 

added) influence the activity and stability of the bound enzyme. 

They determined that for applications in organic solvents simple 

physical adsorption was the optimal procedure. 

D-Psicose (epimer of D-fructose) is a relatively rare sugar that 

plays important physiological roles in the body. Production of the 

compound by enzymatic means is possible using ketose 3-

epimerases, however the reaction often has low bioconversion 

efficiency. Dedania et al immobilised D-psicose 3-epimerase from 

Agrobacterium tumefaciens onto GO via physical adsorption and 

then investigated the enzyme’s activity and reusability. 70 They 

found that while the pH optima of the immobilised enzyme 

changed only a minor amount to pH 7.5 (pH 8.0 for the free 

enzyme), the temperature optima increased to 60 °C, compared 

with 50 °C for the free enzyme. As well as an increase in optima, the 

enzyme’s thermal stability improved significantly with 

immobilisation on GO. At 60 °C the bound enzyme had a half-life of 

720 min, compared to 3.99 min for the free enzyme. As an 

immobilisation material GO also provided a greater improvement in 

thermal stability compared with other materials that have been 

used to immobilise ketose 3-epimerases, such as Duolite A568 

and artificial oil bodies. The rate which the immobilised D-psicose 3-

epimerase carried out the bioconversion of D-fructose to D-psicose 

was also improved, producing 4 mM D-psicose from 10 mM D-

fructose after approximately 250 min, compared to 3.2 mM for the 

free enzyme. 

Immobilisation of HRP onto GO (GO-HRP) via electrostatic 

interaction (and testing for its ability to oxidise and remove 

phenolic compounds from solution), resulted in GO achieving higher 

loading of HRP (100 mg of HRP/g of GO) than seen for numerous 

macro-support materials, primarily due to the large surface area.95 

The pH optima of the bound enzyme remained unchanged at pH 

7.0. However, the immobilised HRP was found to have an improved 

stability over a wider range of pH, with 36% of activity retained at 

pH 10, compared to 10% for the free enzyme. Thermal stability was 

also improved notably at 50 °C, where after 20 min incubation the 

bound and un-bound enzyme retained 72 and 28% of activity, 

respectively. These changes suggest that by binding HRP to GO the 

enzyme is better protected from heat-induced denaturation. 

Further to the above improvements, GO-HRP also exhibited 

improved storage stability over 40 days, retaining 56% activity 

compared to 12% for the free HRP. The ability of bound and free 

HRP to remove seven different phenolic compounds from aqueous 

solutions was compared. For five of the seven compounds removal 

efficiency was relatively unaffected by immobilisation, with 

efficiencies in the range of approximately 55–90% achieved. 

However, free HRP was poor at removing 2-chlorophenol (16.1%) 

and 2,4-dimethoxyphenol (17.6%), with immobilisation on GO 

improving removal efficiency. The removal of 2,4-dimethoxyphenol 

was carried out with two times higher efficiency (34.4%) by GO-HRP 

and 2-chlorophenol removal was improved moderately (20.4%), 
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compared with free HRP. This result indicates that by binding HRP 

to GO the enzyme’s selectivity for the oxidation of certain phenolic 

compounds is improved. Zhang et al suggested that the 

improvement toward ortho-substituted phenols may be due to 

structural confirmation changes caused by immobilisation on GO. 

Serine proteases trypsin, chymotrypsin and proteinase K were 

immobilised on GO.82 However, it was found contrary to 

expectation that binding the proteases on GO severely diminished 

their activity. Jin et al used amino-terminated PEGs to functionalise 

GO to try and improve the activity of bound trypsin (Figure 13).82 

They observed that modification of GO with either 2k-l-NH2-PEG-

NH2 (2 kDa) or 10k-6br-PEG-NH2 (10 kDa) resulted in the nano-

interface of GO altering the activity of bound trypsin. The activities 

of all three proteases were improved to free enzyme-like levels or 

better. The activity of trypsin bound on PEGylated-GO was 

significantly improved against casein (up to 2-fold higher than free 

trypsin). The presence of the PEG polymers played an important 

role in blocking the hydrophobic domains on GO, preventing their 

direct interaction with the enzyme’s active site. In addition to 

increased activity with casein the bound trypsin displayed 

selectivity. Other proteolytic substrates such as haemoglobin, 

bovine serum albumin (BSA) and Nα-p-tosyl-L-arginine methyl ester 

hydrochloride were not hydrolysed at the same enhanced level as 

casein. This is due primarily to the phosphorylated nature of casein. 

As it carries a net negative charge, the protein can interact with the 

positively charged amino terminals on the surface of GO through 

electrostatic interaction. Jin et al concluded that the amino 

terminals were the primary reason for trypsin bound to PEGylated-

GOs showing enhanced reaction rate with phosphoproteins. Further 

to this kinetic studies revealed that at high concentrations casein 

can act as inhibitor of both free and bound trypsin, however the 

bound trypsin (GO PEGylated with 10k-6br-PEG-NH2) accelerated 

the initial digestion of casein 43-fold higher than free trypsin. 

Trypsin’s thermal stability at 70 and 80 ˚C was also improved when 

immobilised on the PEGylated GOs, demonstrating the contribution 

of GO in protecting the enzyme from denaturation. 

 

Fig. 13 Schematic representation of PEG-functionalised graphene oxide 

nanosheets with trypsin immobilised through electrostatic interactions, 

facilitating the cleavage of phosphorylated proteins. Reproduced with 

permission. Reprinted with permission from ref 82. Copyright 2012 American 

Chemical Society. 

 

4.1.3 Concentration of enzymes  

Owing to their large surface area and nano-scale size, 2D NMs 

can be loaded with exceptionally high amounts of enzyme relative 

to the mass of the support material. This allows for enzymes to be 

concentrated at a desired location, for instance in a bio-reactor. 

When used in enzyme reactors the concentration of enzymes in 

these immobilised materials can improve the reaction efficiency of 

the system.  

Trypsin immobilised on unmodified GO in an immobilised 

enzyme reactor (IMER) appeared to work well for in-situ digestion 

of proteins.80 Jiao et al immobilised trypsin on GO through 

electrostatic interaction and hydrogen bonding, using 

approximately 1mg.mg-1 of the immobilised material for the 

digestion of proteins such as myoglobin, BSA and α-casein. 

Simultaneously, a control experiment with free trypsin was carried 

out. After 10 minutes of reaction, the digested products from both 

IMER and free trypsin were analysed using a MALDI-TOF mass 

spectrometer. The GO-IMER was able to release 30, 57 and 77% 

mass as peptides from BSA, α-casein and myoglobin, respectively. 

Whereas peptides from the digestion using free trypsin in solution 

were barely detectible in the given reaction time. This improved 

catalytic activity of trypsin bound to GO is largely due to the IMER, 

which was able to concentrate both the enzyme and protein 

substrates. While the bound enzyme may not be as active as the 

free trypsin, the increased loading capacity of GO allowed the 

binding of high concentrations of trypsin, increasing the digestion 

efficiency. The nano-scale of GO also allows for the miniaturisation 

of this technology.  

Yin et al used a capillary electrophoresis-based IMER (CE-IMER) 

for the immobilisation of trypsin-GO complex for similar protein 

digestion and separation analysis to that of Jin et al.81 They used 

layer-by-layer assembly via electrostatic interaction to fabricate the 

immobilised trypsin into the reactor. The formed products were 

separated and monitored using spectrophotometric detection at 

214 nm. It was found after immobilisation that the pH optima of 

immobilised trypsin shifted to 8.5 (pH 7.5 for free trypsin as 

determined by the authors) due to changes in the 

microenvironment in CE-IMER. However, the enzyme kinetic values 

(Km = 0.24 ± 0.002 mM, Vmax = 0.32 ± 0.04 mM.s-1) remained close to 

that of free trypsin. This indicates that the method used to fabricate 

GO did not adversely alter the secondary structure of trypsin. 

Digestion of angiotensin and BSA in the CE-IMER was carried out 

between 3–30 min and the digested products were analysed using 

mass spectrometry. The results obtained were comparable to those 

obtained after a 12 h digestion with free trypsin in solution. In 

addition to GO, other 2D NMs such as MoS2 and WSe2 have also 

been used to bind high concentrations of enzymes and improve the 

catalytic properties of a system, in this case for biosensor 

applications.156, 158 These studies show that the microenvironment 

and the amount of enzyme loaded play important roles in 

controlling the catalytic properties enzyme systems.  

 

4.1.4 Substrate channelling in bi-enzymatic systems 

Research has begun on the use of bi-enzymatic systems on 2D 

NMs for sequential cascade reactions.68, 103 Bi-enzyme systems are 

appealing because they can potentially overcome the limitations of 

reactant transportation from one enzyme’s catalytic site to that of 

another. This can reduce reaction with competing substrates and 
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prevent substrates from forming toxic intermediates.103, 159 Recently 

Mathesh et al developed a bi-enzymatic system for controlled 

substrate channelling from the catalytic site of GOx to HRP (Figure 

15).68 The advantage of surface hydrophobicity and the confined 

space between co-immobilised GOx and HRP, resulted in the 

amplifying of signal strength in the catalytic detection of glucose. 

This was improved 20-fold in comparison to that obtained with a 

free enzyme system.68  

Fig. 15 Schematic representation for substrate channelling of H2O2 between 

glucose oxidase (GOx, referred to as GOD in this figure) and horseradish 

peroxidase (HRP). Reproduced from ref 68 with permission from John Wiley 

and Sons.   

Zhao et al immobilised glucoamylase (GA) in conjunction with 

GOx in order to demonstrate a one-pot reaction for the biocatalysis 

of starch to gluconic acid.103 This was achieved by non-covalently 

binding the two enzymes onto CRGOs. The individual bound 

enzymes were characterised with respect to temperature and pH as 

well as CRGO hydrophobicity. They found that both GOx and GA 

were most active on CRGO that was reduced for 2 h (by L-AA 

reduction), with GOx activity improved 2-fold compared to that of 

the free enzyme. This increase in activity was due to a combination 

of total enzyme loading (more enzyme was bound to more 

hydrophobic CRGOs) and improvement of enzyme activity, as more 

hydrophobic supports (CRGO 4 and 12 h) bound more protein but 

were less active. This suggests that while small changes to enzyme 

secondary structure caused by associations with weakly 

hydrophobic surfaces may be beneficial to activity, strongly 

hydrophobic surfaces likely deform the enzyme’s structure and 

diminish activity. This is similar to observations made by Mathesh et 

al.115 Using the one-pot system Zhao et al were able to achieve a 

72% conversion of starch to gluconic acid after three hours.103 They 

could further control the rate of reaction by altering the amounts 

and ratio of both GOx and GA (as GOx catalysed the hydrolysis of 

starch at a higher rate than GA catalysed the formation of gluconic 

acid from glucose). When immobilising GA:GOx at a mass ratio of 

1:1.3 in improved the conversion to 82% after 2 hours. It was also 

shown than the bi-enzymatic system bound to 2 h CRGO retained 

85% of activity after four reaction cycles. 

In the above, we have discussed examples from the literature 

where immobilisation of various enzymes on 2D NMs has led to 

modifications to their functional and/or structural properties. The 

examples discussed in Section 4 are summarised with respect to 

changes to enzyme activity, stability, selectivity and structure in 

Table 2.  

 

 

Table 2.  Summary of  enzymes  with properties modified by immobilisation on  2D NMs 

 

Enzyme 2D NM Immobilisation 

Enzyme property reported to be modified 

Ref 

Activity Stability Selectivity Structure 

D-Psicose-3-

epimerase 
GO Non-covalent Temperature 

optima 50b–60 

°C Bioconversion 

of D-fructose to  

D-psicose 

increased 20 %a 

Thermostability 

half-life 

improved 3.99a–

720 min 

---- ---- 70 

Horseradish 

peroxidase 
GO Non-covalent Improved 

activity at basic 

pHa 

36% activity 

retained at pH 

10 (10%b); 

Thermostability 

after 120 min at 

50 °C was 50% 

(<20%b)  activity 

Improved 

selectivity 

towards 2,4-

dimethoxypheno

l and 2-

chlorophenola 

---- 95 

Trypsin GO, 

PEGylated 

GO 

Non-covalent Casein hydrolysis 

increased 2-folda 

on PEGylated GO 

Thermostability 

shifted to 80 °C 

(40b)  

Improved for 

phosphorylated 

proteinsa 

---- 
 

82 

Chymotrypsin Graphene, 

GO 

Non-covalent ---- ---- ---- S1 specific pocket 

deformation 

(MD simulation) 

109 
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Lysozyme GO, rGO Non-covalent 56.2%a activity 

on GO, 94.9%a 

activity on rGO   

---- ---- GO denatured 

Lysozyme (Trp 

fluorescence) 

Increased α-helix 

content (CD) 

106 

Lipase from 

Alcaligenes 

sp. 

CRGOs Non-covalent pNPP hydrolysis 

increased 1.43-

folda on 4 h 

CRGO 

60% activity 

retained after 60 

days (enzyme 

paper) 

---- α-helix/β-sheet 

decreased (FTIR, 

CD); 

Lid opening  (MD 

simulation) 

115 

Lipase from 

Yarrowia 

lipolytica 

 

GO 

(COOH-

functional

ised) 

Covalent  Olive oil 

hydrolysis 80%a; 

(R,S)-1-phenyl-

ethanol 1.6 folda 

increase in 

catalysis 

efficiency  

---- Improved 

selectivity for 

(R)-1-

phenylethanola 

23.6% α-helix 

decrease (CD)  

Lid opening (MD 

simulation) 

 

112, 

160 

Lipase from 

Rhizopus 

oryzae
 

 

GO Covalent and 

non-covalent 

 

Non-covalent 

immobilisation 

decreased Vmax 

for hydrolysis of 

pNPL by 15-19-

folda 

 

Solvent stability 

improved in 

acetone (2.2-

fold) and 

isopropanol (1.6-

fold); 

Thermostability 

improved at 70 

°C (6b-65%) 

Selectivity for 

esterification of 

longer-chain 

fatty acids  

---- 113, 

114 

Lipase B from 

Candida 

antarctica  

GO (NH2-

functional

ised) 

Covalent 

Non-covalent 

Esterification 

increased 1.3-

folda (covalent) 

and by 1.66-folda 

(non-covalent) 

Reaction cycling 

stability ~50% 

(non-covalent) 

and ~70% 

(covalent) 

activity after 7 

cycles (168 h) 

---- α-helix content 

increased 3% 

(covalent) and 

decreased 

30% (non-

covalent) (FTIR) 

116 

Glucose 

oxidase - 

Horseradish 

peroxidase 

(Co-

immobilised) 

CRGOs Non-covalent Sensitivity 

towards glucose 

increased 20-

folda  

~85% activity 

after 2 months 

storage; reaction 

cycling stability 

~70% activity 

after 6 cycles 

---- Decrease in α-

helix and 

increase in β-

sheet  

(CD & FTIR) 

68 

Glucose 

oxidase 

Glucoamylase 

(Co-

immobilised) 

CRGOs Non-covalent GOx activity 

improved 2-

folda; 82% 

conversion of 

starch to 

gluconic acid in 2 

h 

Thermostability 

after 2 hr at 50 

°C retained 85% 

activity; reaction 

cycling stability 

85% activity 

after 4 cycles 

---- ---- 103 

a relative to the free enzyme;  b value reported for free enzyme 

5. Summary and perspectives 
The interaction of graphene and other 2D NMs with biological 

molecules for a variety of bio-applications, such as biosensors, bio-

fuel cells, drug delivery systems and tissue engineering, has 

increased dramatically in recent years. However, the use of 2D NMs 

for enzyme immobilisation, and controlling enzyme function for use 

as biocatalysts, is a relatively new area of research. The physical 

properties of 2D NMs enables interactions of enzymes with the 

materials to be investigated in solution, which is not possible with 

traditional immobilisation supports. 2D NMs possess other unique 

properties, such as high surface areas and tunable surface 

chemistry, which make them highly versatile for biocatalytic 

applications. While there are numerous examples in the literature 

demonstrating the interaction of different biomolecules with 2D 

NMs for a range of bio-applications, this review focuses on recent 

approaches implemented for the immobilisation of enzymes. 

Furthermore, although the most common examples in the literature 

of enzymes being bound to 2D NMs are for biosensor fabrication, 
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this review focuses on the immobilisation strategies employed and 

their importance for biocatalysis. 

A range of immobilisation strategies have been applied to bind 

enzymes to 2D NM surfaces to study and modify their catalytic 

properties. The concept of controlling enzyme activity, selectivity 

and stability by immobilisation on 2D NMs has been demonstrated 

by our group and others using biotechnologically important 

enzymes such GOx, HRP, laccase and lipases. Factors such as surface 

charge density, hydrophobicity, surface functionalisation and cross-

linking are important parameters for achieving effective enzyme 

immobilisation. While publications addressing some of these 

properties have been reviewed here, the field is in its infancy and 

there is still much to be investigated. Relatively few studies have 

investigated how specific surface properties of 2D NMs affect 

enzyme-support interactions and the effects that these have on 

catalysis. This is further complicated by active site topologies and 

conformations differing significantly between enzymes, and that 

their respective interactions with 2D NMs are as yet unpredictable. 

This variability between enzymes leads to difficulty in making 

generalisations about how surface properties will modify the 

activity of a specific enzyme. Enzyme immobilization is in many 

instances associated with a decrease in enzyme activity. Changes 

that lead to decreased activity are largely uncontrolled and this 

provides one of the greatest challenges; understanding how to 

tailor immobilisation for different enzymes, whether through 

support chemistry, immobilisation conditions or a combination of 

both, to achieve immobilisation in a controlled manner. Realising 

this, would yield biocatalysts with desired improvements with 

respect to activity, specificity, selectivity and stability. As further 

research in the area is published, new details will likely emerge that 

will enable a more targeted application of immobilisation to the 

modification of enzyme function. For this reason further studies 

with different enzyme classes are required.  

Currently some key challenges are limiting the use of 2D NMs 

for large-scale biocatalytic applications. This includes control of 

material properties during synthesis and fabrication, particularly 

involving the dimensions of 2D NMs and their surface chemistry. In 

addition, concerns over their use in food-related processes present 

unknown risks with respect to toxicity and negative health effects. 

The application of these materials in large-scale biocatalysis, 

including food-grade applications, may preferably lie in the 

incorporation of 2D NMs into macrostructures. The synthesis of 

well-defined ‘enzyme papers’, 3D structures or composite materials 

with suitable flow properties for use in flow-through bio-reactors is 

a useful approach where the NMs are not free and hence are 

removable from the food material. Therefore as advanced 

chemistries are developed that can effectively control the 

properties of 2D NMs, we propose these challenges will be 

overcome. Despite the limitations to commercial-scale use 

(excluding biosensor fabrication), using 2D NMs for studying 

enzyme function remains a promising area of research and warrants 

further examination. Importantly, research performed now using 

2D NMs as model systems to understand the effects of 

immobilisation on enzymes will aid in the development of future 

immobilisation supports and biocatalysts for industrial applications. 

We hope that many other researchers join this expanding area of 

research so that a comprehensive body of research can be 

generated to further understand immobilisation mechanisms and 

how they impact enzyme structure and function.  
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