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Abstract 

An electrochemically triggered sol-gel process was used to generate a thin silica layer for the 

immobilisation of lipase from Thermomyces lanuginosus onto dealloyed nanoporous gold 

(NPG). The catalytic response of the entrapped lipase was examined using the hydrolysis of 

4-nitrophenyl butyrate (4-NPB) as a model reaction. For the electrodeposition process, 20	

parameters including the deposition time and the concentration of lipase affected the 

observed catalytic activity. A deposition time of 180 s and a lipase concentration of 3 mg/mL 

was used to prepare the optimised electrode. The operational stability of the silica 

immobilised enzyme was enhanced on NPG in comparison to that on planar gold, which may 

arise from confinement of the enzyme in the porous structure. The modified electrodes were 25	

incorporated into a 3D printed flow cell with conversion efficiencies of up to 100% after 8 

cycles.   
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1. Introduction 

Immobilised enzymes [1] have been successfully used in applications such as biocatalysis [2, 

3], biosensors [4] and biofuel cells [5-7]. Silicate materials including controlled pore glass 

(CPG), sol-gel derived silicate and mesoporous silicate (MPS) are biocompatible and widely 5	

used as solid supports for the immobilisation of enzymes [8]. Sol-gel derived silicate 

materials possess features that include ease of preparation, chemical inertness, negligible 

swelling and optical transparency [9]. In addition, the sol-gel process enables enzymes to be 

immobilised without significant losses in activity [10]. Electrodeposition provides a 

controllable and rapid route to grow uniform silica layers onto a conductive substrate 10	

regardless of the roughness of the surface [11]. The process of electrodeposition is initiated 

by an increase in pH in the proximity of the cathode as a consequence of hydrogen evolution, 

which consumes protons. Hydrolysis and condensation of precursors such as 

tetraethoxysilane (TEOS) are triggered by this change in pH [12], resulting in three-

dimensional Si-O-Si networks that encapsulates enzyme in solution on the 15	

electrode/electrolyte interface.  

A wide range of enzymes including glucose oxidases [13] and dehydrogenases [14, 15] etc. 

have been successfully immobilised in electrochemically generated silica matrices for use as  

biosensors. Various electrochemically derived sol-gel silica/nanomaterial hybrids, such as 

carbon nanotubes [16], gold nanoparticles [17], and macroporous gold electrodes [11], have 20	

been prepared. Nanoporous gold (NPG), fabricated by etching gold alloys,  has been used as 
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a support material for the immobilisation of enzymes [18]. NPG possesses characteristic 

pores and ligaments whose sizes can be tailored by adjusting the dealloying conditions [19]. 

NPG has been modified with electrodeposited thin films of thiophene polymers [20] and Os 

modified polymers [5, 21] for the immobilisation of enzymes. In contrast to Os polymer 

modified electrodes that are prepared by drop-casting, electrodeposited films are more 5	

physically stable [22]. Electrodeposition enables control of the degree of  modification of the 

entire surface [18] and the thickness of the deposited film can be tuned to optimise the 

enzyme loading [5].  

Immobilisation makes it possible for enzymes to be used in a continuous flow mode [23]. In 

comparison to the conventional batch approach, flow methods are more efficient due to the 10	

large surface-to-volume ratio, ease of collection and on-line analysis of products [24]. Micro-

reactors can be generally subdivided into three types: packed-bed, monolith and wall-coated 

reactors [25]. The former two can suffer from possible blockage and pressure gradients along 

the microchannels [26], making it difficult to tune flow dynamics. Inversely, wall-coated 

channels enable smoother flow with negligible mass transport resistance and thus predictable 15	

fluidic conditions. However, the catalyst loading of a wall-coated reactor is inferior to those 

of packed-bed and monolithic approaches [25], arising from the low working surface area. 

Porous supports can be used to improve the catalyst loading [27]. 

NPG electrodes with an average pore size of ca. 30 nm [5, 28] were functionalised by the 

electrodeposition of silica with simultaneous encapsulation of lipase [29] (Scheme 1). The 20	

bio-modified electrodes were placed into a bespoke flow channel device (Scheme 2).  The 

hydrolysis of 4-nitrophenyl butyrate (4-NPB) by lipase was used as a model system (Scheme 

3). The catalytic performance was affected by the thickness of the silicate layer and by the 

concentration of lipase. The conversion of substrate to product depended on the flow rate and 

full conversion was feasible upon recycling the solution. 25	

2. Experimental section 

2.1. Materials and apparatus 

Potassium phosphate monobasic (≥99 %) and dibasic (≥98 %), hydrochloric acid (HCl, 37%), 

nitric acid (HNO3, 70%), sulfuric acid (H2SO4, 97%), 4-nitrophenyl butyrate (4-NPB, 

≥98 %), Bradford reagent, bovine serum albumin (BSA, lyophilized powder, ≥96%) were 30	

obtained from Sigma-Aldrich Ireland, Ltd. Lipase (Sigma-Aldrich Ireland, Ltd) from 
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Thermomyces lanuginosus (≥100 kUg-1, EC no.: 3.1.1.3) was supplied as a solution 

containing 73% (w/v) water, 25% (w/v) propylene glycol, 2% (w/v) lipase, and 0.5% calcium 

chloride. 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, ≥99 %) and 

tetraethoxysilane (TEOS, 99.9%) were purchased from Fisher Scientific, Ireland. All 

solutions were prepared with deionised water (resistivity of 18.2 MΩ cm) from an Elgastat 5	

maxima-HPLC (Elga Purelab Ultra, UK). 

NPG leaves were fabricated by etching ca. 100 nm thick Au/Ag leaf alloy films (12-carat, 

Eytzinger, Germany) in concentrated HNO3 for 30 min at 30 °C. The NPG films were then 

attached onto a pre-polished glassy carbon electrode (GCE) with a diameter of 4 mm and 

were allowed to dry. Before future utilisation, the NPG electrodes were activated by scanning 10	

the potential over the range of -0.2 to 1.65 V in 1 M H2SO4 at a scan rate of 100 mV s-1 for 15 

cycles. 

Electrochemical experiments were performed with a CHI802 potentiostat (CH Instruments, 

Austin, Texas) consisting of a NPG working electrode, a Pt wire counter electrode and a 

Ag/AgCl reference electrode. Samples mounted on 300-mesh copper grids (S147-3, Agar 15	

Scientific, UK) were characterised by transmission electron microscopy (TEM, JEOL JEM-

2100, operating voltage of 200 kV). The average pore size and deposition layer thickness 

were measured with ImageJ software (National Institutes of Health, Bethesda, Maryland) 

[30]. Absorbance was recorded on a Cary 60 UV-Vis spectrophotometer (Agilent, USA). 

2.2. Enzyme immobilisation procedures and activity measurement 20	

A typical silica sol was prepared by dissolving 2.125 g tetraethoxysilane (TEOS), 2 mL of 

deionised water and 2.5 mL of 0.01 M aqueous HCl, which were mixed for 12 h using a 

magnetic stirrer and then diluted 3 times with water for further use. 900 µL of lipase solution 

in 0.1 M pH 7.0 phosphate buffer solution (PBS) was mixed with 100 µL of the above 

hydrolysed sol. A range of lipase concentrations was used. As shown in Scheme 1, sol-gel 25	

electro-assisted deposition was performed at an applied potential of -1.1 V vs. Ag/AgCl for 

different durations. The same route was applied to deposit silica/lipase onto planar gold 

electrodes (diameter: 3 mm) for comparison. Regeneration of the modified NPG electrodes 

was achieved by polishing and cleaning the glassy carbon electrode, followed by attachment 

of a new NPG film and subsequent deposition of silica. 30	
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All experiments were performed at room temperature (20±2 °C). The activity of the 

immobilised lipase was evaluated by the hydrolysis of 4-NPB (Scheme 3). Flow experiments 

were performed by pumping buffer solution (10 mM pH 7.0 HEPES) containing 75 µM 4-

NPB at various flow rates (Scheme 2D). The system was washed (at a relatively fast flow rate 

of 0.12 mL min-1 for 10 min) to allow the detachment of loosely-bounded enzymes prior to 5	

measurements. The absorbance of the product was measured at a wavelength of 420 nm. The 

stability of an electrode soaked in a solution of 4-NPB (2 mL, 75 µM) at room temperature 

was checked once a day. Absorbance changes at 420 nm were recorded by immersing the 

electrode into a fresh solution (2 mL, 75 µM 4-NPB) for one hour. To achieve 100% 

conversion of 4-NPB, the absorbance of the effluent solution was determined prior to 10	

recycling into the channel. 

2.3. Flow cell design 

Devices were designed using SolidWorks 3D CAD software (Dassault Systèmes, 2017). The 

flow cell consisted of two parts: a top-plate and a base (Scheme 2A). The top-plate was 

mounted above the base and fixed with 10 screws (Scheme 2D). Four NPG modified GCEs 15	

were inserted into the vertical holes of the device, sitting flush on top of a 500 µm high 

channel (Scheme 2B). As shown in Scheme 2C, O-rings between the top-plate and base 

mitigated against any leakage of solution. A secondary function is that the action of 

tightening the top-plate onto the O-rings also caused the O-rings to squeeze the GCEs, 

effectively securing them in place on the top of the channel and preventing movement. An 20	

Instech P720 peristaltic pump was used to pump the solution into the channel (Scheme 2D) 

via round push-fit adaptors. The transition from a round adaptor to the laminar flow channel 

in the base was internally rounded to mitigate turbulence (Scheme 2C). 

A Stratasys Objet Connex 500 3D printer featuring PolyJet Matrix™ Technology was used to 

print the flow cell parts with a laminar flow channel of a depth of 500 µm. Printing was 25	

performed by successively laying down an acrylate based material (VeroClear RGD810) in 

16 micron thick layers followed by UV curing and hardening of each layer. Exogenous 

material in cavities and overhangs was removed using a jet wash system. VeroClear RGD810 

is a transparent material, that facilitates removal of the support material from the flow 

channel by allowing visual inspection of the jet washing step. This material also allows the 30	

visual detection of air bubbles forming inside the channel during operation. 
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2.4. Determination of immobilised protein concentration 

The amount of immobilised lipase into the silica film onto the electrode was determined by 

the Bradford assay [31] of the initial and residual enzyme content in the electrodeposition 

solution. A range of concentrations of BSA from 0.15 to 1 mg mL-1 in water were used to 

obtain the standard curve. The absorbances (595 nm) of mixtures of solutions of protein (50 5	

uL) and Bradford reagent (1.5 mL) were measured.  

3. Results and discussion 

Application of a potential of -1.1 V vs. Ag/AgCl initiates the sol-gel process (Scheme 1) via 

the production of hydroxyl ions that trigger the condensation of TEOS. The deposition time 

was optimised using a solution containing 1 mg mL-1 lipase. The effects of deposition time on 10	

the catalytic response are summarised in Fig. 1A. In agreement with previous studies [5, 20], 

the response increased with time for deposition times less than 180 s, and can be ascribed to 

the increased amount of enzyme immobilised. For longer deposition times, the response 

decreased which likely arise from limitations in the supply of 4-NPB supply to lipase. TEM 

images indicate that the thicker films block the pores (Fig. 2) [5]. A deposition time of 180 s 15	

was therefore utilised as a compromise between higher enzyme loading and mass-transport 

through the film. Similar phenomena were reported for the immobilization of D-sorbitol 

dehydrogenase [16] and of haemoglobin [11] in electro-deposited silica layers. 

TEM confirmed the formation of a silica film on NPG (Fig. 2, Fig. S1). NPG (dark region of 

the micrographs) preserved its porous structure after electrodeposition with gold ligands 20	

growing thicker (Fig. S2). The relatively bright outer layer along the pores can be 

distinguished as the silica film with a uniform thickness. The optimal deposition time of 180 s 

resulted in a layer thickness of ca. 9.3±1.1 nm (in contrast to ca. 30 nm pores). A 60-s 

deposition time resulted in a 2.8±0.6 nm thick film (Fig. 2A), while the pores were filled after 

a deposition time of 360 s (Fig. 2C). 25	

The effect of lipase concentration was optimised using a deposition time of 180 s. The 

catalytic response increased at lipase concentrations below 3 mg mL-1 (Fig. 1B), at which 

point the response leveled off. Similar results were reported  for the sol-gel deposition of D-

sorbitol dehydrogenase on macroporous gold electrodes [14].  

Silica/lipase was also deposited on a planar gold electrode using the optimised protocol (3 mg 30	

mL-1 lipase, 180 s deposition time). Using the Bradford assay, the enzyme loading on planar 
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gold was determined to be 1.8 nmol cm-2, in comparison to 3.6 nmol cm-2 on NPG. Despite a 

roughness factor of ca. 8 [28], NPG only encapsulated double the amount of lipase than that 

on the planar gold. This is likely due to the accelerated sol-gel process arising from the 

increased rate of hydrogen evolution that is observed on NPG in comparison to planar gold 

[32]. Similarly, Mazurenko et al. found that sol-gel derived bioelectrode performance was 5	

sensitive to the quantity of carbon nanotubes (CNTs) on the GCE as a high quantity of CNTs 

led to facilitated sol-gel process and faster silica film deposited [16]. When the stability of 

modified NPG and planar gold electrodes was examined (Fig. 3), NPG modified electrodes 

retained 49.3% of the original response after 5 h storage, in comparison to 20.2% on planar 

gold. The observed decrease in activity likely arises from loss of enzyme activity and/or 10	

leakage of the enzyme. Lipase can operate as a catalyst in aqueous and nonaqueous solutions 

in a stable manner [2]. For example, lipase that was physically adsorbed on NPG showed 

negligible activity loss after 10 successive uses, and maintained 74% of its initial activity 

after 20 cycles [33]. Lipase immobilised onto SBA-15 retained 95% activity after 7 cycles 

[2]. It is thus likely that the stability arises from leakage of the enzyme, especially given that 15	

sol-gel derived silica is generally brittle and can become cracked during long-term 

manipulation and use. The curved surface of NPG could provide a more stable environment 

for the film. Similar examples of enhanced stability on NPG have been observed. For 

example, electrodeposited MnO2 on NPG preserved 64% of its capacitance after 50 cycles of 

charge-discharge, in comparison to 26% for planar Au/MnO2 [21]. 20	

The dependence of the catalytic response of a single NPG/silica/lipase electrode on flow rates 

was examined over the range 0.01 - 0.12 mL min-1 (Fig. 4). The catalytic response decreased 

with increasing flow rate due to the decreased residence time, in agreement with previous 

studies of lipase immobilized in flow reactors [34, 35]. 

Four NPG/silica/lipase electrodes were mounted in the flow cell (Scheme 2D). A linear 25	

increase in the amount of substrate conversion was observed in the first four cycles with the 

level of conversion leveling off in subsequent cycles. As can be seen from Fig. 5, the reaction 

was completed after eight cycles. 

To examine enzyme leaching under flow conditions, a control experiment was performed by 

flushing the channel at a rate of 0.05 mL min-1 with blank PBS for 20 min. The solution 30	

collected (1 mL) was mixed with 1 mL of 75 µM 4-NPB and incubated for 0.5 h. An 

absorbance change of 0.0054 (at 420 nm) was observed corresponding to leaching of 0.36% 
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of the enzyme. This result is consistent with the data in Fig. 3 that showed a decrease in 

activity with time. This leaching likely arises from removal of the silica from the electrode. 

The NPG was physically attached on to the GCE and could be removed. Freshly prepared 

NPG leaves can be re-attached onto the GCE with newly generated silica layers to 

immobilise lipase. Fig. 6 shows the normalised activity of 10 regenerated NPG/silica/lipase 5	

electrodes. A RSD of 4.6% demonstrated the reproducibility of the method. 

4. Conclusions 

In this study, direct incorporation of lipase into sol-gel derived silica onto NPG was 

proposed. The effects of electrodeposition time and lipase concentration in the electrolyte on 

the catalytic response were systematically evaluated. The porous structure of NPG had a 10	

remarkable, positive influence in enhancing operational stability, although only a two-fold 

increase for the initial catalytic response over that on a planar Au electrode supported 

silica/lipase. The laminar flow cell allowed the study of the effect of flow rate. Operated in a 

loop mode at a flow rate of 0.05 mL min-1 enabled the complete hydrolysis of 4-NPB (2 mL 

of 75 µM solution) after eight cycles. The underlying study in the group is to integrate NPG 15	

supported enzymatic biofuel cells (EBFCs) with the bespoke flow cell. 
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Figure Caption 

 

Scheme 1. Schematic drawing of the electrodeposition of silica for enzyme immobilisation at 

a constant negative potential. 

 5	

 

Scheme 2. (A) CAD drawing of the flow cell consisting of top-plate and base. (B) Sectional 

view of the base (unit: mm). (C) Detailed view of part 3 from (B). (D) Photograph of the flow 

cell during operation; the arrows indicate the direction of flow. 

 10	
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Scheme 3. Hydrolysis reaction of 4-NPB catalysed by lipase. 

 

 

 5	

Fig. 1. (A) The effect of deposition time on the catalytic performance of NPG/silica/lipase 

obtained in 1 mg mL-1 lipase (measured by immersion in 2 mL of 75 µM 4-NPB for 0.5 h). 

(B) The effect of lipase concentration on the catalytic performance of NPG/silica/lipase 

obtained by depositing for 180 s (measured by immersion in 2 mL of 75 µM 4-NPB for 1 h). 

 10	
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Fig. 2. TEM images showing the NPG/silica/lipase obtained in 1 mg mL-1 lipase with various 

deposition durations: (A): 60 s, (B): 180 s, (C): 360 s; Arrow in (A) and (B) indicate the 

silica/lipase coating layers, while pores are filled with silica/lipase in (C); Scale bars at the 

right-bottom of (A), (B) and (C) indicate 30 nm. 5	

 

 

Fig. 3. Storage stability of NPG/silica/lipase; Response was measured by immersion in 2 mL 

of 75 µM 4-NPB for 1 h. 
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Fig. 4. The effect of flow rate at the catalytic behavior of NPG/silica/lipase towards 75 µM 4-

NPB. 
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Fig. 5. Conversion ratio of 2 mL of 75 µM 4-NPB by cycling in a loop at a flow rate of 0.05 

mL min-1. 
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Fig. 6. Regeneration of an NPG/silica/lipase electrode. The response was measured by 

immersion of the electrode in 2 mL of 75 µM 4-NPB for 1 h. 
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