
  

  S-1 

Supporting Information  

A Modular Bio-Platform Based on a Versatile 

Supramolecular Multi-Enzyme Complex Directly 

Attached to Graphene 

Abeer Alshammari1,2,3‡, Mareike G. Posner1,4‡, Abhishek Upadhyay1,4, Frank Marken5, Stefan Bagby1,4*, 

and Adelina Ilie1,2* 

1 Centre for Graphene Science, University of Bath, Bath, BA2 7AY, UK 

2 Department of Physics, University of Bath, Bath, BA2 7AY, UK 

3 Department of Physics, King Saud University, Riyadh 11451, Saudi Arabia 

4 Department of Biology and Biochemistry, University of Bath, Bath, BA2 7AY, UK  

5 Department of Chemistry, University of Bath, Bath, BA2 7AY, UK 

 

Corresponding Author 

*Adelina Ilie, email: a.ilie@bath.ac.uk, *Stefan Bagby, email: bsssb@bath.ac.uk 



  

  S-2 

1. Protein purification. After protein purification the correct size of recombinant proteins and purity was 

assessed by SDS-PAGE. E1 is a hetero-tetramer composed of two alpha and two beta chains (α2β2). The 

predicted molecular weights for the alpha and beta chains are 41 and 37 kDa, respectively.1 The predicted 

molecular weight for the E2 monomer is 47 kDa.1 These values compare favourably with the molecular weight 

determined by SDS-PAGE as shown in Figure S1. 

 

 

 
 
2. Distribution of polar/non-polar sequences in the T. acidophilum E2 monomer. Amino acid residues 

1 to 400 are shown in single letter code (Figure S2). Relative solvent accessibility is shown in shades of grey 

starting from black (0, completely buried inside protein structure) to white (9, fully exposed to environment). 

Secondary structure elements (red zigzag - helix; green arrow - sheet, blue line - coiled) are indicated. 

Physical-chemical properties: hydrophobic (light yellow: A,C,F,G,I,L,M,P,V), polar (salmon: N,Q,S,T), 

charged (light and dark red: D,E-neg; R,K-pos), amphipathic (dark yellow: H,W,Y). (Data generated using 

Polyview 2D).2 

 

Figure S1: SDS-PAGE (15% gel) of purified E1 and E2. Lane M shows the molecular weight markers 

for reference. 
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3. Cryo-EM images of the assembled 60-mer E2 complex of T. acidophilum 2-OADHC. The collage in 

Figure S3 shows different views: individual complexes (A, B), the classums (C, D) and the rotationally 

averaged classums (E, F).  In the last column, from top to bottom: image 6 is a view along the fivefold 

symmetry axis of the dodecahedron from Figure 1, main text, revealing one of its pentagonal faces; image 

12 reveals the 10-vertex projection of the dodecahedron also obtained by viewing it along the fivefold 

symmetry axis but at a different focus than for image 6; image 18 is a “cart wheel view” of a vertex between 

three adjacent pentagonal faces, i.e. along the threefold symmetry axis; while image 24 is a tilted 

fivefold/threefold view. 

 

 

 

 

Figure S2: Overview of E2 monomer sequence (excluding the His-tag), structure, chemical properties of 

amino acids, and relative solvent accessibility. 
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Figure S3: Cryo-EM images of the assembled 60-mer E2 complex of T. acidophilum 2-OADHC: (A-B) 

individual particles, (C-D) the classums, and (E-F) the rotationally averaged classums. 

 

4. Quantitative characterization of an E2 complex biomolecular monolayer formed on graphenic 
surfaces. One assumes uniform monolayer coverage with 60mer E2 complexes, where one E2 complex is 

2.79 megadaltons. If each complex is 17 nm across when supported by a graphene surface (as discussed 

in the main text), then we have approximately 107 nm / 17 nm E2 complexes per cm, i.e. about 5.88 × 108 

complexes cm-1.  
Therefore per cm2, one obtains (5.88 × 105)2 complexes cm-2, i.e. 3.46 × 1011 complexes cm-2. 

Considering that one mole of complexes weights 2.79 × 106 g, and that one mole of complexes contains 6.02 

× 1023 complexes, this results in (3.46 × 1011 / (6.02 × 1023)) ∙ (2.79 x 106) g cm-2. This therefore yields 1400 

ng cm-2 approximately. 

 

5. Graphene growth by CVD. Transfer process. Assessment of graphene quality. Graphene was 

synthesized on Cu foils and transferred to SiO2/Si wafers using procedures analogous to those in the 

literature.3 In brief, large area graphene was synthesized on Cu foil 25 µm thick at 1000 oC  by CVD of carbon 

using a highly diluted mixture of methane in hydrogen, in a furnace with about 4 cm inner diameter quartz 

tube and at ambient pressure. Before deposition, the Cu foil was annealed at 900 oC for 40 min under 

hydrogen flow in order to remove the metal oxide as well as enlarge the substrate grain size. During carbon 

deposition, the growth time was limited to a few minutes (~ 5 min). Following the growth, PMMA was spun 

on the graphene/Cu foil. The Cu foil was subsequently etched away using an iron chloride solution and then 

floated on the etchant solution, followed by repeated washing in deionized water. The floating 
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PMMA/graphene film was then transferred onto the SiO2/Si substrate. Finally, the PMMA was dissolved away 

by immersing the PMMA/graphene film in an acetone bath at 50 oC for 30 min. 

After transfer to the SiO2/Si wafer, the quality of the graphene film was checked with Raman spectroscopy 

under an excitation of 532 nm (Figure S4). The very sharp line (FWHM = 40 cm-1) with one single Lorentzian 

profile of the 2D peak indicates that the graphene film forms a monolayer, while the small D peak indicates 

a low density of defects present.4  This shows the high quality of our monolayer graphene film. The  

 

 

 

 

 

 

 

 

 

 

 

 

 

FTIR indicates the presence of a range of functional groups (Figure S5) brought on the graphene sheet by 

the process of wet-transfer onto the final SiO2 substrate: a broad band centred around 3434 cm-1, 

corresponding to O-H stretching, and sharper spectral features at around 2920 and 2850, 2363, 1728, 1645, 

1443, 1248 and 1034 cm-1, assigned to asymmetric and symmetric C-H stretching, CO2 stretching, C=O 

stretching, aromatic C=C and O-H bending, C-O stretching, epoxy C-O stretching, and alkoxy C-O stretching 

modes, respectively.5-6 However, we note that the above spectroscopic features corresponding to polar 

groups are barely visible on top of the baseline of a representative raw FTIR spectrum, with un-extracted 

baseline, unlike the case of intentionally functionalized graphene shown in other works. The roughness 

analysis (based on AFM images analysed with the WSxM software)7 shows increased roughness of the wet-

transferred CVD graphene compared to exfoliated graphene (Figure S6). 

 

 
 

 
 
 
 
 
 
 
 
 

Figure S4: Raman spectrum of our CVD graphene, indicating monolayer graphene and low defect density. 
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Figure S5: FTIR spectra on wet-transferred CVD graphene, using PMMA as a supporting film. 
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6. E2 monomer vs. E2 complex attachment on graphenic surfaces. E2 monomers were incubated on 

HOPG in similar conditions as described in Figure 1, main manuscript. Figure S7(a) shows that, unlike the 

E2 complexes (shown for comparison in Figure S7(c)), E2 monomers clustered together and possibly 

stacked on graphenic surfaces, creating an inhomogeneous protein layer with highly uneven height profile 

(Figure S7(b)). This demonstrates that E2 monomers failed to create monolayers, or layers with controlled 

thickness. 

 

 
7. Self-assembly of E2 complexes on various graphenic surfaces. Drying-mediated. E2 complexes can 

form various types of self-assembled patterns, with the regimes of such assembly being controlled by the 

dynamics and the parameters (e.g. complex concentration and temperature) of the drying process.8-9 

Examples of such assembly are shown in Figure S8: these were obtained from incubation of E2 complex 

a

5004003002001000

5

4

3

2

1

0

X[nm]

Z[
nm

]

b c

100 nm

0 0.5 1 1.5 2 2.5 3 3.5 4
0

500

1000

1500

2000

2500

co
un

ts 
(a

.u
.)

height (nm)
Figure S6: Roughness profiles of three surfaces: SiO2 (black), mechanically exfoliated monolayer 

graphene/SiO2 (red), and CVD monolayer graphene/SiO2 (cyan) transferred using a wet-transfer process 

involving PMMA. Analysis was performed on 2x2 µm2 areas using the “Roughness” feature of the WSxM 

software,7 for SiO2 and large area, CVD graphene. For exfoliated graphene, the analysed area was the size 

of the flake.   

Figure S7: Comparison between assembly/attachment of E2 monomers vs. E2 complexes on graphenic 

surfaces. (a) E2 monomers on HOPG, incubation for 40 s, from 0.1 mg/ml stock solution. (b) Topographic 

profile across the white line shown in (a). (c) E2 complexes on CVD graphene, part of Figure 2(b), main text. 
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solutions of 0.1 mg/ml concentration for varying incubation times. As a result of heterogeneous evaporation10 

(where E2 complexes are trapped in the liquid wetting the surface, between solvent on one side of the drying 

front and air on the other, and pushed by the receding drying front), one can develop highly ramified networks 

(a-b), or “cellular” patterns, as in (c-d). Following homogeneous solvent evaporation, islands of complexes 

can grow larger by coarsening as the domain boundaries remain fluxional and wetted by the solvent on all 

sides during drying;8 this results in (e) large islands and coalescence, with “cracking” being characteristic of 

monolayer formation.11 Individual E2 complexes are clearly distinguishable in all cases, within the compact 

areas. We stress that we are using the drying-mediated assembly to demonstrate the ability of the E2 

complexes to move on various graphenic surfaces, as opposed to presenting well-defined recipes for 

obtaining one type of pattern or the other.  

We also note from Figure S8 (a) that E2 complexes are immobile and do not self-assemble in patterns on 

the hydrophilic surface of the SiO2 substrate surrounding the graphene flake in that image, despite doing so 

on the exfoliated graphene flake (FLG) in the same image (as well as in any other similar cases observed). 

This correlates with the lower apparent height of the E2 complexes measured on such SiO2 surfaces in both 

Figures S8(a) and S11(c), altogether suggesting a stronger interaction of the E2 complexes with these 

Figure S8: Drying-mediated, self-assembly E2 complex patterns on (a,b) mechanically exfoliated FLG 

supported by SiO2 substrate, (c) CVD graphene, and (e,d) HOPG. (f) Topographic profile taken across the 

protein islands formed on HOPG in (e). All images were obtained using tapping mode in air, in an attractive 

regime (resulting in no compression), see below; all are topographic images except (b) which is a phase 

image, for clarity. (a) also demonstrates the lack of mobility of the E2 complexes on the SiO2 regions that 

surround the FLG flake. Typical scanning conditions: cantilevers with a spring constant of ~ 2 N/m, 

resonance frequencies of ~ 73 kHz, quality factor Q ~ 160, free oscillation amplitudes of ~ 5 nm, and 

‘measured amplitude-to-free amplitude ratios’ (i.e. scanning set-point) of 80%. 
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surfaces than with the graphene-like ones, as discussed in the main text. See also discussion of Figure S9 

for comparison of E2 corrected heights on these surfaces. 

Figure S8(f) also shows that under similar scanning conditions as those used for Figure 2 (main text) the 

apparent height of the assembled E2 islands is ~ 8-9 nm, consistent with the measurements on individual 

complexes shown in the main text. 

 

Assembly from liquid phase. Figure S9 shows the E2 complexes being assembled directly from liquid phase 

onto HOPG, from E2 complex solution of 0.1 mg/ml concentration, after 5 minutes of incubation time. 

Subsequent scanning with the same speed (~ 3 Hz/line) over a smaller area (see inset), resulted in the 

removal of the proteins from that surface, indicating a low E2 complex - HOPG interaction.  

 

 
8. Morphology of E2 complexes on various surfaces. Real vs. apparent height. It is well known that 

determining the real height of proteins with AFM is challenging.12 In general, forces need to be minimised to 

avoid compression and deformation of such soft structures, and for this reason imaging in liquid is preferable. 

However, this requires protein fixation via specific protocols,13 as well as working at isoelectric point in order 

to minimise electrostatic forces induced by charges residing on the protein surface while in liquid.14 In general, 

protein fixation induces crosslinking of the end groups of protein molecules, allowing AFM imaging in liquid 

without the proteins being moved laterally by the AFM tip. We attempted two fixation protocols of E2 on 

graphene and HOPG: (i) by allowing the E2 complexes to dry on the surface (after washing with buffer and 

DI water) and subsequent application of 1% glutaraldehyde for 5 minutes, or (ii) by incubation from a drop of 

liquid, rinsing with PBS, and then application, while the surface was still wet, of 1% glutaraldehyde for 5 

minutes. In both cases, the surfaces were subsequently washed with PBS and alcohol and not allowed to 

dry. Unfortunately, fixation was unsuccessful when the E2 complexes were not allowed to dry on surfaces 

prior to application of glutaraldehyde; while when the proteins were dried on surfaces prior to fixation, non-

uniform aggregates of complexes formed instead of monolayers after subsequent immersion in PBS. 

Figure S9: Assembly from liquid phase on HOPG, and removal of E2 complexes through fast scanning (~ 

3Hz/line) over a small area (framed). AFM image obtained by scanning in liquid (on a Cypher microscope), 

using stiff, short cantilevers (BioLever Fast, 9µm, 0.1 N/m, 1.5 MHz from Olympus) to ensure small oscillation 

amplitudes, and without complex fixation.  
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For this reason, we resorted to the measurement and comparison of “apparent” heights of the E2 complexes 

from tapping mode AFM in air, on samples where the complexes were attached on various surfaces - 

graphenic, i.e. hydrophobic, or SiO2 and sapphire, i.e. hydrophilic - by filter drying, as in Figure 2 (main text) 

and Figures S8 and S11 here; then the “apparent” heights were corrected through analysis of spectroscopic 

curves performed over the bare substrates and the substrate-supported E2 to yield real height profiles. This 

required carefully chosen scanning conditions: imaging was performed under average forces of attractive 

character (characterized by an experimentally measured phase > 90°),12 where the peak dynamic force was 

maintained in the attractive regime (see simulation below); in contrast, repulsive dynamic forces 

(characterised by a measured phase < 90°) are compressive in nature and of one or two orders of magnitude 

larger (i.e. in the nN range and beyond), therefore inducing strong compression and destruction of the 

proteins.12 Using our experimental imaging conditions (i.e. cantilevers with a spring constant of ~ 2 N/m, 

resonance frequencies of ~ 73 kHz, quality factor Q ~ 160, typical free oscillation amplitudes of ~ 5 nm, and 

set-points, i.e. measured amplitude-to-free amplitude ratios of 70-85%) we fully characterized the imaging 

regime in which our data were taken, by simulating spectroscopic distance-dependence measurements for 

oscillation amplitude, phase, peak dynamic force, and contact time, respectively; for both graphenic surfaces 

(such as graphene and HOPG), and SiO2 or sapphire. Such simulations clarified the differences between the 

“real” and “apparent” heights for the two types of surfaces (hydrophobic vs hydrophilic), allowing us to correct 

the experimentally measured (“apparent”) heights, and to correlate the corrected E2 heights with other 

information we obtained regarding the strength of the interaction between E2 and the respective substrates.  

The simulation of the spectroscopic data used a dynamic model for the oscillating cantilever similar to that 

described by Garcia et al.15 This implied the consideration of equations (S.1) describing the tip motion 

resulting from the driven cantilever being subjected to various types of interaction forces (that sum to the 

total force Ftotal) during its oscillation: 

( )
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where 0 02 fω π=  and 0f is the driving frequency of the cantilever, Q  is its quality factor (here ~ 160), ck

its spring constant (~ 2 Nm-1), and 0A is the driving amplitude. The forces acting on the cantilever and 

included in Ftotal were a van der Waals interaction, characterized by a Hamaker constant H, a short range 

Lennard-Jones interaction, and an adhesion force (see below equations (S.2)) when intermittent contact 

develops:15 
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Here Fad is the adhesion force, d is the distance to the surface, R is the tip radius, Ex and νx are the tip 

(sample) elastic modulus and Poisson coefficient, respectively, while a0 is an intermolecular distance, taken 

here as 3.7 Å.15 We then considered numerical values15 for the elastic modulus E, the Hamaker constant H, 

and the Poisson coefficient ν for (i) HOPG (10 GPa, 60×10-20 J, and 0.3, respectively),16 (ii) a bio-surface of 

intermediate compliance, like polystyrene (1.2 GPa, 7.1×10-20 J, and 0.3, respectively), and (iii) another bio-

surface of high compliance, like polyehylene (0.087 GPa, 6.6×10-20 J, and 0.3, respectively).15 We considered 

the E2 complexes to be between cases (ii) and (iii) in their mechanical properties, though these mechanical 

properties hardly affect the forces in the attractive regime when no intermittent contact takes place with the 

protein surface, as confirmed by the simulations. For the silicon tip we considered E, H and ν of 130 GPa, 

6.4×10-20 J, and 0.3, respectively.15  

Figure S10 (a, c and e) shows the resulting amplitude-distance, phase-distance and peak force-distance 

curves when an E2 complex is positioned above the HOPG surface. These curves show that the imaging 

regime we operated in is characterized by an overall average force that is attractive in nature (i.e. phase is > 

90°) and of very low magnitude, so that there is zero compression of the E2 complex during imaging. Further, 

by considering a set-point of ~ 80% on the amplitude-distance curve from Figure S10(a), we determined that 

the tip lies at different distances to the surface when above the HOPG or graphene substrate than above the 

E2 complex: this results in the “apparent” (measured) height of the E2 complex being smaller than the real 

height. Figure S10(a) shows that ∆h ~ 2nm needs to be added to the “apparent” height of 8-9 nm (determined 

from Figure 2, main text) of the E2 complexes, resulting in a real height of the E2 complexes on graphenic 

surfaces of ~ 10-11 nm. These values are to be compared to the projected diameter of the E2 complexes as 

determined from TEM (Figure 3(a), main text), of ~ 16-17 nm. Hence, the comparison reveals that the E2 

complexes are compressed by about 22-28% by the interaction with the graphenic surfaces. 

The situation is much more dramatic when the substrate is SiO2 (characterized by E, H and ν of 70 GPa, 

6.4×10-20 J, and 0.3, respectively) or sapphire: analogous simulations show that in this case there is no 

correction to be added to the measured height, of ~ 4 nm, of the E2 complexes. This is because the tip 

hovers essentially at the same distance above the bare SiO2 surface as above the E2 complex (see Figure 

S10 (b)): this is the result of the Hamaker constants for proteins (equated here as soft matter) and SiO2 (or 

sapphire) being not that dissimilar, but vastly dissimilar compared to conductive surfaces such as HOPG or 

graphene. Hence, the resulting real height of ~ 4 nm of the E2 complexes on the hydrophilic SiO2 or sapphire 

surfaces show that E2 complexes suffer a much larger compression on such surfaces than when immobilised 

on the graphenic substrates (where a corrected height of the E2 complexes of ~ 10-11 nm was obtained). 

This indicates a stronger interaction of the E2 complexes with SiO2 (or sapphire), also consistent with the 

lack of mobility of the complexes on SiO2 during the drying-mediated assembly experiments (as shown by 

Figure S8 (a)). 

The simulations also confirmed what was observed experimentally, that with these low oscillation amplitudes 

the dynamic forces between the tip and E2 are of attractive nature, meaning that no additional compression 

is exerted by the AFM tip. Only above the hard, bare SiO2 surface does the force change character and 

become repulsive (shown by the phase jump from above to below 90°, Figure S10 (d)) and in the nN range 

(Figure S10 (f)), when decreasing tip-to-surface distances. 
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Figure S10: Simulated distance-dependent spectroscopic measurements, for oscillation conditions matching 

the experimental conditions. (a),(c),(e) amplitude-distance, phase-distance, and peak-force-distance curves, 

respectively, taken above E2 on a graphenic substrate (green), and above the bare HOPG substrate (dark 

grey). (b), (d), (f) Similar spectroscopic curves taken above E2 on SiO2 (green), and above the bare SiO2 

substrate (dark grey). Scanning conditions indicated by the straight lines in (a) and (b) (corresponding to a 

set point ‘measured amplitude-to-free amplitude’ of ~ 80%), led to a ∆h = 2 nm correction to be added to the 

measured height of E2 on HOPG or graphene. This correction is the result of the AFM tip positioning itself at 
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a lower distance above E2 than above HOPG or graphene during scanning (when a constant amplitude must 

be maintained), as shown in the inset of (a). No correction is needed when E2 is attached to SiO2 as shown 

by the analysis of (b). In (e) and (f), force character is attractive for negative values, and repulsive for positive 

values. 

 

9. FET control experiments assessing E2 and E1 attachment. To unambiguously identify changes in FET 

operation that are due solely to E1 attachment to the E2-graphene platform, and through this to obtain 

evidence of the E1 attachment, several control experiments were performed. We first needed to assess the 

starting doping state of the CVD graphene film, and then understand the effects of exposure to PBS (via 

which the double-layer used for electrochemical gating forms) (Figure S12), of the E2 layer formation on the 

graphene surface (Figure S13), and finally, that of E1 build-up  onto E2-graphene (Figure 4, main text). This 

was achieved by monitoring the changes in the transconductance curve, i.e. the source-drain characteristic 

as a function of gate voltage, and the shift in the position of its Dirac point (alternatively referred to as the 

charge neutrality point, CNP) relative to the gate voltage. 
Transconductance as a function of buffer ionic strength (Figure S12). CVD graphene was found to be p-

doped (i.e. the Dirac point is located at positive gate voltages Vg) after the transfer process (using PMMA 

and FeCl3) to the SiO2 substrate, in agreement with previous work,17-21 while addition of PBS of increasing 

ionic strength as a gate electrolyte made the Dirac point shift in the opposite direction with gate voltage 

(Figure S12(a)), making the graphene less p-doped, also in agreement with previous findings.22 The shift of 

the Dirac point towards lower gate voltages follows a linear trend with increasing the buffer concentration 

(Figure S12(b)). This neutralizing of graphene is a reversible process as rinsing the device with DI water 

leads to the complete recovery of the initial Dirac point position in the concentration series (dashed line in 

Figure S12(a)). 
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Figure S11: Tapping mode in air in an attractive regime, in conditions similar to those described in text 

(cantilevers with a spring constant of ~ 2 N/m, resonance frequencies of ~ 73 kHz, quality factor Q ~ 160, 

typical free oscillation amplitudes of ~ 5nm, and measured amplitude-to-free amplitude ratios of 80%)  

clearly showing regular, individual structures identified as the E2 complexes. (a), (b) and (c) show the 

complexes on HOPG functionalized with a linker used to prevent protein collapse, hydrophilic sapphire, 

and SiO2/Si wafer surface, respectively; (d) is the phase image corresponding to the topographic image in 

(c), resolving the central depression of individual E2 complexes, similarly as in Figure 3, main text. Insets: 

topographic profiles, showing the resulting apparent heights for each case.  
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Figure S12:  (a) Typical variations of transconductance curves obtained with increasing the ionic strength of 

the PBS (from 0.01× to 1× dilution factors, as indicated in legend). 40 µl of PBS were placed in a PDMS 

reservoir defining an active graphene area of ~ 12 mm2, and left to stabilize for 30 minutes before measuring; 

between each new concentration, the graphene surface was rinsed thoroughly by pipetting DI water. In a 

final step, the graphene surface was rinsed with DI water, and buffer solution of the lowest concentration was 

added (dashed line). Arrow indicates the direction of the Dirac point shift with increasing PBS concentration. 

(b) The position of the Dirac point (VCNP) decreases linearly with increasing the concentration of PBS solution. 

 

Transconductance shift during E2 layer build-up (Figure S13). 20 µl drops of solution of varying E2 

concentration (from 0.01 mg/mM to 1 mg/mM) were left to incubate for 10 minutes each over the graphene 

surface, after which the surface was washed by pipetting fresh PBS buffer to remove un-bound E2 and 

residual salt, while measurements were taken after further stabilization for 10 min in full strength, pure PBS 

electrolyte – allowing to probe the E2-graphene interface. The final E2 concentration of 1 mg/ml is ten times 

higher than the one used for incubation in the AFM and electrochemistry measurements. Figure S13 shows 

the resulting transconductance curves before and after each of these incubations. The Dirac point is seen to 

shift towards larger, positive gate voltages, i.e. opposite to the effect of the PBS, demonstrating a trend that 

is clearly related to the attachment of the E2 complexes onto graphene. This trend has been verified on n=3 

independent experiments. The shift of the Dirac point suggests further p-doping of graphene. We attribute 

this shift to cysteine residues, known to be located on the binding and catalytic domains of the E2 

monomers:23 cysteine amino acids can p-dope graphene24 due to the presence of SH groups able to withdraw 

electrons from graphene. 
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Figure S13: Transconductance curves after successive incubations with increasing concentrations of E2 in 

PBS. Measurement procedure as described in text. 

 

Transconductance shift with E1 build-up on E2-graphene. Discussion of behaviour from Figure 4, main text. 

This figure shows the evolution of the transconductance characteristics once the E2 layer has been 

established on the graphene surface. E1 of various concentrations was then incubated for 10 minutes each 

(as described in Methods), followed by rinsing with PBS to remove any unbound E1, and further addition of 

40 µl fresh diluted PBS as electrolyte (Debye length ∼ 3.5 nm) for the transconductance measurements. The 

result of the E1 incubation leads to a different trend than those observed through exposure to PBS (Figure 

S12), or during E2 attachment to the graphene surface (Figure S13): the transconductance curves widen 

upon increasing the concentration of E1 to which graphene has been exposed, accompanied also by a shift 

of the Dirac point towards larger gate voltages. The rightwards shift of the Dirac point completely rules out 

any potential artefact due to salt build-up from PBS on the surface, as any such effects should be included 

in a leftwards shift of the Dirac point (Figure S12); moreover, any stabilization in PBS has long taken effect 

through previous exposures to PBS. As the AFM images show a height of around 10-11 nm measured at the 

top of the complexes, which is larger than the Debye length (though this is not the case for interfacial regions 

between adjacent complexes where the layer thickness is at its lowest), we submit that the changes in the 

transconductance curves are mainly due to changes in the dielectric constant of the electrical double layer 

at the solid liquid interface leading to a change in the gate efficiency of the electrolyte rather than a charge 

transfer effect due to E1. A similar behaviour was also observed by Chen et al.25 

 
10. Supporting and control electrochemistry experiments.  
Cyclic voltammetry and chronoamperometry of E1 bound to E2-graphene. Cyclic voltammetry. Figure 

S14 shows three sets of cyclic voltammetry (CV) curves corresponding to three DCPIP mediator 

concentrations, and spanning a wide range of substrate concentration. The set from Figure S14 (a), obtained 

at 10 µM DCPIP, corresponds to Figure 4(d) in the main text; while the set from Figure S14 (c), at 100 µM 

DCPIP, provided the CV-derived kinetics data used in Figure 4(e) to be compared with chronoamperomtric 
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data obtained at same DCPIP concentration. The three sets of data show that bioelectrocatalysis takes place 

in all cases, and with similar overall behaviour as a function of substrate concentration.  
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Chronoamperometry details and raw data. As Ag was used as a reference electrode instead of SCE (used 

in the CV experiments) it was necessary to perform cyclic voltammetry to determine how the redox potential 

of the reaction vs. the Ag electrode shifted compared to SCE. Figure S15 shows there was no significant 

change in the peak position induced by DCPIP compared to voltammograms using SCE, shown in Figure 

S14; a potential value of 0.25 V was then chosen for the amperometric experiments.   

Figure S16 shows the raw chronoamperometric data from which the E1 kinetics from Figure 4(e), main text, 

was determined. 
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 Figure S14: Cyclic voltammograms of E1-E2-graphene for a wide range of substrate concentrations and for 

different mediator (DCPIP) concentrations: (a) 10 µM DCPIP, corresponding to Figure 4(d) main text; (b) 30 

µM DCPIP; and (c) 100 µM DCPIP. Curves corresponding to PBS only (olive), and after addition of DCPIP 

mediator, but without substrate (red) are also shown. Scan rate was 0.03 V s-1, while incubation conditions 

and other details as in Experimental Section.   

(c) 
 

 



  

  S-17 

 

 

 

 

 

 

 

 

 

Figure S15: Cyclic voltammogram of E1-E2-graphene in PBS in presence of 100 µM DCPIP (red curve) 

obtained by using an Ag reference electrode. The black curve represents the response of E1-E2-graphene 

in the absence of the DCPIP mediator. Reaction volume was 10 ml. 
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Figure S16: Raw chronoamperometry data from an experiment performed in a drop of liquid covering the 

graphene surface with applied potential of 0.25 V vs. Ag/AgCl. Current was measured after additions of 2 µl 

substrate of various final concentrations (indicated) to 20 µl drop of buffer with 100 µM DCPIP.  

 

Fits of kinetics data from CV and amperometry. Figure S17 uses the chronoamperometric and CV-derived 

kinetics data from Figure 4(e) and provides comparisons between fits with a non-Michaelis Menten enzyme 

kinetics law (of the type I = A/(1+(B/[S])n, with n < 1) and Michaelis-Menten kinetics (of the type I = 

A/(1+(Km/[S])) applied only to the region of data at high substrate concentration. [S] is the substrate 

concentration. Table S1 shows values of the respective parameters obtained as a result of these fits. 



  

  S-18 

The error bars in the CV-derived data encompass variations in the current across five successive CV 

measurements at a given substrate concentration. In general, current values settled and became largely 

reproducible from one CV cycle to another after the second cycle.  

Table S1: Parameters derived from fitted chronoamperometric and CV-derived kinetics data 

 
 

 
 

Figure S17: The E1 kinetics data from Figure 4(e) main text could be fitted over the whole substrate 

concentration range with a non-Michaelis-Menten law; fits shown with continuous lines of data are from the 

decayed values of amperometric current steps (at 0.25 V vs. silver electrode) (black), and from the anodic 

current peak (at 80 mV vs. SCE) of the CV curves (red). Fits with Michaelis-Menten laws of the data at the 

highest concentrations, above 10-5 M, are shown with dashed lines. 100 µM DCPIP concentration was used. 

A linear-logarithmic data display was used. 

 

Control experiments: bare graphene, E2-graphene, E1-BSA-graphene. Figure S18 (a) shows a set of 

cyclic voltammograms corresponding to bare graphene, tested successively in the presence of PBS only, 

followed by addition of DCPIP, and then E1 substrate of varying concentrations. Figure S18 s(b) shows E2-

graphene, without E1, subjected to the same test sequence: PBS only on unfunctionalized graphene (black), 

then PBS only of E2-functionalized graphene (olive), followed by added DCPIP (red), and followed by 

increasing concentrations of E1 substrate. In the E2-graphene case, for a comprehensive control test, the 

same graphene electrode was tested with PBS both before and after incubation with E2. No increased 
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catalytic activity was detected, at least within about 5% of the value corresponding to the DCPIP-related 

current, over the full substrate concentration range used.   

   

                     
Figure S18: (a) Cyclic voltammograms of bare graphene in PBS (black), after 10 µM DCPIP addition (red), 

followed by additions of E1 substrate of increasing concentrations. (b) Cyclic voltammograms of bare 

graphene in PBS (black); and after E2 incubation, with successively added PBS (olive), 30 µM DCPIP (red), 

followed by additions of E1 substrate of increasing concentrations. Volume of reaction was 10 ml, DCPIP 

and substrate concentration shown are after dilution in reaction volume. No E1 is present in these tests.  
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Figure S19 shows the lack of activity of E1 when incubated on BSA-graphene, and following a similar test 

sequence: PBS only with E1-BSA-graphene, then with added DCPIP, and then followed by sequential 

additions of substrate. Sample preparation was identical to E1-E2-graphene in terms of concentrations of 

stock solutions and incubation times.  

 
 
Figure S19: Cyclic voltammograms of E1-BSA-graphene, in PBS (black), after addition of 10 µM DCPIP 

(red), followed by substrate of increasing concentrations. Scan rate was 0.03 V s-1. 

 
DCPIP redox processes at CVD graphene. Figure S20 (a) shows a set of cyclic voltammograms 

representative for our PMMA-transferred CVD electrodes with DCPIP as mediator and for varying scan rates. 

As an example, at the lowest scan rate, ΔEp between the reduction and oxidation peaks was found to be ~ 

29 mV; this correponds to 0.59 mV/n, with n=2 electrons exchanged26-27 in the reaction involving DCPIP. The 

voltammogram’s anodic peak current varied as a power law with the scan rate, with an exponent of about 

0.55 (Figure S20 (b)), suggesting that the DCPIP redox process on CVD graphene electrodes is 

predominantly diffusion controlled (this is the case for a process varying with the square root of the scanning 

speed).26-27 An approximation for the effective area of the graphene electrode can then be obtained based 

on the Randles-Sevcik equation:26-27 
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where Ip is the maximum current of the voltammogram (in Amps), A is the electrode active area (in cm2), F, 

the Faraday constant (in C mol−1), D is the diffusion coefficient (in cm2/s), C* is the concentration of mediator 

(in mol/cm3), n is the number of electrons involved in the reaction, and ν is the scan rate (in V/s). Here values 

corresponding to DCPIP, C* = 10 μM, D = 7.7×10-6 cm2/s,28 and considering n = 2 (as above), yielded an 

-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
-160
-140
-120
-100
-80
-60
-40
-20

0
20
40
60
80

100
120

(a)

 

 

I(n
A)

E vs.SCE(v)

 E1-BSA-graphene
 10uM DCPIP
 0.5nM
 5nM
 50nM
 0.5uM
 5uM
 50uM
 0.5mM
 1mM
 2mM
 4mM
 8mM



  

  S-21 

effective area of 7.5 ± 0.5 mm2 vs. a geometric area of 10.5 mm2 in this particular case. A ratio of A/Ageometric 

= 72 ± 5% was representative across our PMMA-transferred graphene electrodes and with this mediator.  

 
 

Figure S20: (a) Cyclic voltammograms for CVD graphene in presence of 30 µM DCPIP in 10 ml reaction 

volume, as a function of scan rate. (b) The anodic current peak varies with the scan rate according to a power 

law with an exponent of ∼ 0.56. Data in (b) were obtained from the peaks of the corresponding CV curves 

after baseline extraction. 
 
11. Microcontact printing/stamping protocol on graphene surfaces. PDMS preparation: 

Polydimethylsiloxane stamps were prepared by adding a curing agent (Dow Corning Sylgard 84) to a silicon 

master, in a 7:1 ratio. The mixture was poured into a mould in contact with a pattern created by 

photolithography with an 18/13 resist. Air was removed by putting the mould into a vacuum for 30 minutes, 

followed by overnight curing at 90°C in an oven. 
Microcontact printing of E2 complexes was conducted using a patterned PDMS stamp which was incubated 

for 5 minutes with E2 complexes at room temperature from 0.1 mg/ml concentration stock solution, then dried 

on a filter paper with the active face upwards. This was followed by contact printing of graphene for 1 min, 

and subsequent sample drying with nitrogen. 
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