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1.  Preparation of graphene oxide (GO) 

GO was in-house prepared according to our reported procedure.1, 2 Briefly, 5.0 g graphite 

powder was first pre-oxidized by heating  20.0 mL concentrated H2SO4 containing 2.5 g P2O5 

and 2.5 g K2S2O8 at 80 °C in an oil bath under stirring for 3 h under refluxing. 120 mL Millipore 

water was then slowly added into the hot solution along the flask wall to dilute and cool the 

solution. The cooled solution was filtered and washed by Millipore water until neutral pH of 

the filtrate. The product, pre-oxidized graphite, was then dried at 50 °C overnight. 

1.0 g of the resulting pre-oxidized graphite powder was dispersed in 23.0 mL concentrated 

sulfuric acid (H2SO4), and 3.0 g KMnO4 slowly added. The reaction was maintained with 

magnetic stirring at 35 °C for 2 h. 200 mL Millipore water and ~2 mL H2O2 were then slowly 

added sequentially into the solution until no further bubble generation. The raw GO was 

filtrated with 250 mL 1.0 M HCl. The resulting GO residue was dispersed in 200 mL Millipore 

water and sonicated for 2 h. Medium size GO sheets were concentrated by two-step 

centrifugation: a 500-rpm centrifugation was first used to separate the graphite from 

appropriate GO supernatant and the resulting GO solution then centrifuged at 12000 rpm to 

collect the residue. GO sheets with medium sizes were dialyzed in a dialysis bag (cut-off: 

12000-14000 Da) with fresh Millipore water every day for one week. 

2.  Preparation of T-shaped carbon electrodes 

A  0.50 × 1.20 cm2 T-shaped piece (the working surface area was 0.5 × 0.5 cm2) was cut from 

carbon paper (CP) on which one side was blocked with hot melt adhesive glue by a glue gun, 

Figure S1. 
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Figure S1. Digital photos of (a) the fixed T-shaped CP blocked on one side with hot melt 
adhesive glue by a glue gun, and glued T-shaped CP viewed from (b) front and (c) from behind. 
The active area was 0.25 cm2, marked with a red dashed-square in (b). 
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3.  Preparation of electrochemically reduced graphene based human sulfite 

oxidase (hSO) bioelectrodes and their notations 

 

Figure S2. Schematic illustration of the preparation of different hSO modified bioelectrodes. 
A graphene-PEI (G-P) mixture (16 µL) with a concentration of 0.5 mg mL-1 graphene (reduced 
graphene oxide, i.e., RGO) and 10 mg mL-1 polyethylenimine (PEI) was used to modify a CP 
coated with GO (CPG) or reduced CPG (CPG/R or R electrode). Electroreduction of the 
modified electrodes was carried out under N2 by cycling the potential 10 times at 50 mV s-1 

between -1.1 and 0.2 V (vs. Ag/AgCl) in Tris-acetate buffer (100 mM, pH = 7.0). To 
immobilize the enzyme, 10 µL hSO (10 µM) in Tris-acetate buffer solution (0.5 mM, pH = 7.0) 
was drop-cast onto the resulting electrode. Graphene with stronger yellowish color in the 
cartoon indicates higher conductivity. ☺ indicates the best result. 

4.  Construction and characterization of enzymatic biofuel cells (EBFCs) 

4.1 Hot-pressing of Nafion membrane and the cathode. The membrane cathode assembly 

(MCA) was composed of two components: a Nafion™ perfluorinated ion-exchange membrane 
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(4.0 × 4.0 cm2, 115 µm thickness) and a commercial cathode (Quintech, Germany). The MCA 

was assembled under hot-pressing at 135.0 °C and 120 kg cm-2 pressure for 180 seconds.2 

4.2 Construction of EBFCs. The EBFC was assembled with Teflon gaskets (60.0 × 60.0 mm2, 

185 to 220 µm thickness) as mechanical protectors.2, 3 Graphite blocks (60.0 × 60.0 mm2, 12.0 

mm thickness) were used for fuel or dioxygen supply, with Au-plates (60.0 × 60.0 mm2, 990 

µm thickness) as current collectors. Teflon sheets (60.0 × 60.0 mm2, 325 µm thickness) were 

used as current-leaking protectors and aluminum (Al) blocks (84.0 × 84.0 mm2, 10.0 mm 

thickness) as outer protectors, Figure S3. Teflon gaskets were used to fix tightly the EBFC 

assembly of MCA/Nafion membrane and the hSO modified bioanode. 

 

Figure S3. (a) A digital photo and (b) schematic illustration of an EBFC. 

4.3 Characterization of EBFCs. Polarization and power density curves were recorded using 

an Autolab PGSTAT30 system (Eco Chemie, Netherlands) with the NOVA 1.1 software. These 

data were obtained using a two-electrode system with a bioanode (eq. S1) and a cathode (eq. 
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S2) as the combined reference/counter and working electrodes, respectively. Fuel flow was 

controlled by a peristaltic pump (Minipuls 3, Gilson, French), while O2 flow and heating were 

fixed by a user interface panel designed by the LabVIEW 2015 software.2 The electrocatalysis 

of the bioanode towards Na2SO3 oxidation operates in electrolyte with a constant flow rate of 

2.0 mL min-1. 

Anode: SO3
2− + 2OH− HSO

�⎯� SO4
2− + H2O + 2e−                        (S1) 

Cathode: 1
2

O2 + H2O + 2e−
Pt
→ 2OH−                                       (S2) 

The sulfite concentration used was 25 mM, where the saturation current density was obtained 

for a three-electrode system under static conditions using an Autolab PGSTAT12 (Eco Chemie, 

Netherlands) with the NOVA 2.1.1 software, Figure S4. 

 

Figure S4. Electrocatalytic response recorded by chronoamperometry with G-P/R/hSO on 1.0 
cm2 CPG electrodes under static conditions. After a quiescent period of 100 s, aliquots of 
Na2SO3 (150 mM in 750 mM Tris-acetate buffer solution, pH 8.4) were added into the 
electrochemical cell to reach concentrations of 1.0, 2.0, 3.9, 9.4, 18, 25 and 32 mM in Tris-
acetate buffer solution (750 mM, pH 8.4) in the present of dioxygen. E = 0 V versus Ag/AgCl 
(saturated KCl). 
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5.  Characterizations 

5.1 Atomic force microscopy (AFM) 

AFM in tapping mode was carried out to visualize the prepared GO using a Type: PPP-NCH-

10, S/N: 40510F9L564; POINTPROBE-PLUS Silicon-SPM-sensor probe. 20 µL GO solution 

(61 µg mL-1) was dropped onto a mica sheet (10.0 ×10.0 mm2, thickness 0.1 to 0.2 mm) freshly 

cleaved with tape, and dried at room temperature. GO sheets are visualized clearly in Figure 

S5a. The thickness of the GO sheets was 1.0-1.2 nm (ca. 0.6 nm for graphene and 0.8-1.2 nm 

for GO), indicating that single-layered GO was prepared. Some GO sheets were inevitably 

stacked or broken. The lateral extension of the GO sheets after the screening of centrifugation 

(described in the Section S1) ranged from 0.1 to 3.0 µm. 

5.2 X-ray photoelectron spectroscopy (XPS) 

Table S1. Relative peak area percentage of the carbon bindings of all carbon species in CP, 
CPG, CPG/G-P, CPG/G-P/R and CPG/R electrodes determined by XPS (Figure 2 and Figure 
S5b). 

Carbon status Binding energy 
(eV) 

CP 
(%) 

CPG  
(%) 

CPG/G-P 
(%) 

CPG/G-P/R  
(%) 

CPG/R  
(%) 

C sp2 284.5 ± 0.1 67.1 14.7 9.7 3.2 55.6 

C sp3 285.0 ± 0.1 16.8 39.8 27.0 36.0 20.0 

C-N 285.9 ± 0.1 5.4 1.6 22.9 25.5 8.9 

C-O 286.6 ± 0.1 4.0 20.7 22.9 22.7 5.0 

C=O 287.4 ± 0.1 2.7 16.7 11.0 6.5 5.0 

COOH 288.6 ± 0.1 4.0 6.4 6.5 6.1 5.6 

Total oxygen-species - 10.7 43.8 40.4 35.3 15.6 

5.3 UV-vis spectroscopy 

The UV-Vis spectrum of GO exhibited a broad absorption band at 231 nm corresponding to 

the π → π* transition of C-C, while the peak at 304 nm was attributed to the n → π* transitions 

of C=O, suggesting the presence of oxygen-containing functional groups in GO, Figure S5c. 

There were no obvious absorbance peaks for PEI in the spectrum in this wavelength range. The 



S10 
 

absorption peak of synthesized graphene (reduced graphene oxide, i.e., RGO)-PEI (G-P) 

nanomaterials corresponding to the π → π* transition of aromatic C–C bonds is red-shifted to 

254 nm, indicative of the reduction of GO and the restoration of C=C bonds in the sheets. 

However, the wavelength for the peak was lower than the reported value of ~ 270 nm for pure 

graphene,4 likely due to incomplete reduction of GO. This is reasonable since G-P on electrodes 

can undergo further reduction via electrochemical methods. Besides, during the G-P synthesis, 

the color of GO solution changes from brownish yellow to black after reaction with PEI, Figure 

S5d, indicating that reduction of GO has taken place. 

 

Figure S5. (a) AFM image (left) of GO on mica with the height cross section profile (right). 
(b) The C1s XPS spectrum of bare CP and CPG/R electrodes. (c) UV-vis spectra of G-P (green), 
GO (red) and PEI (blue) nanomaterials in aqueous solution. The MW of PEI here is 25000 g 
mol-1. (d) Digital photos of GO solution, GO+PEI mixtures, and G-P solutions from left to 
right. 
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5.4 Scanning electron microscopy (SEM) 

According to the SEM images of bare CP and CP coated with GO (CPG electrode) with 

enhanced magnifications, Figure S6, small white flakes (indicated with red arrows) can be 

easily observed on the carbon fiber surfaces of CPG, but not on the bare CP. 

 
Figure S6. SEM images of (a) bare CP and (b) CPG; scale bar: 5 µm. 

Energy-dispersive X-ray spectroscopy (EDX) mapping was acquired to examine the 

distribution of nitrogen, Figure S7. After the immobilization of hSO on G-P/R electrodes, the 

distribution of nitrogen becomes non-uniform, implying that the observed aggregates contain 

PEI. 

 

Figure S7. SEM-EDX mapping of (a) G-P/R and (b) G-P/R/hSO on CPG electrodes. 
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5.5 ζ potential measurements 

Table S2. ζ potentials of aqueous GO and G-P nanomaterials with different molecular weights 
(MWs) of PEI (i.e., 800, 1,300, 5,000, 25,000, 750,000 g mol-1) in 750 mM Tris-acetate buffer 
(pH 8.4) determined by a Zetasizer Nano. 

Nanomaterials ζ potential (mV) 

GO -7.8 ± 0.2 

G-P_MW800 -8.5 ± 0.1  

G-P_MW1,300 2.3 ± 0.2 

G-P_MW5,000 8.2 ± 0.6 

G-P_MW25,000 14 ± 1 

G-P_MW750,000 15 ± 1 

6.  Electrochemical characterization 

6.1 Cyclic voltammetry (CV) characterization of modified electrodes 

The electrochemical properties of the modified electrodes were characterized by CV in a 

solution containing either negatively (K4[Fe(CN)6]) or positively charged redox probes 

([Ru(NH3)6]Cl3). After coating of G-P on the CPG electrodes, an increased peak current (3.41 

mA cm-2) and a narrowed peak separation ∆Ep (173 mV) were observed for [Fe(CN)6]4- (Figure 

3b), but a larger ∆Ep (from 185 to 205 mV) for [Ru(NH3)6]3+ (Figure S8 and Table S3). This 

is due to the addition of the polycationic PEI layer that alters the surface charge from negative 

to positive. This is consistent with the observation from the ζ potential measurements. Upon 

electroreduction, both [Fe(CN)6]4- and [Ru(NH3)6]3+ give a reduced ∆Ep due to the decreased 

electron transfer resistance. ∆Ep increases after enzyme adsorption in both cases. 
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Figure S8. CVs at 100 mV s-1 of bare CPG, G-P, G-P/R and G-P/R/hSO electrodes recorded 
for oxygen-free KCl solution (100 mM) with 5.0 mM [Ru(NH3)6]Cl3. 

Table S3. Key voltammetry parameters of modified electrodes in 100 mM KCl in the presence 
of 5.0 mM K4[Fe(CN)6] or [Ru(NH3)6]Cl3 based on Figure 3b and Figure S8. 

Electrodes K4[Fe(CN)6] [Ru(NH3)6]Cl3 

ΔEp (mV) ja (mA cm-2) jc (mA cm-2) ΔEp (mV) ja (mA cm-2) jc (mA cm-2) 

Bare CPG 325  1.53 -0.62 185 3.52 -3.43 

G-P 173  3.41 -3.68 205 1.51 -1.53 

G-P/R 122 3.88 -4.17 171 2.94 -3.42 

G-P/R/hSO 220 0.83 -0.66 137 1.92 -2.07 

6.2 Electrochemical impedance spectroscopy (EIS) characterizations 

  
Figure S9. EIS of (a) CPG/G-P/-0.9R, -1.1R, 1.3R and -1.5R electrodes, and G-P/R/hSO and 
G-P/hSO bioelectrodes recorded for oxygen-free KCl solution (100 mM) with 5.0 
mM [Fe(CN)6]3-/4-. The equivalent circuit used to fit impedance data is shown in the inset of 
Figure 3a. 
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Table S4. Parameters obtained by fitting the impedance spectra based on the equivalent circuit 
(inset of Figure 3a). 

The equivalent circuit for the impedance spectra fitting is depicted in Figure 3a (inset). As a 

certain degree of electrode roughness and inhomogeneity is evidenced according to the SEM 

images, the double layer capacitance is reflected by a distributed electrical element, the 

constant phase element (CPE, here CPEdl and CPEp),6-8 with the following impedance:9 

𝑍𝑍𝐶𝐶𝐶𝐶𝐶𝐶 = 1
𝑌𝑌0(𝑖𝑖𝑖𝑖)𝛼𝛼                                                       (S3) 

where α is the CPE exponent and Y0 (Ω-1 s-α or S s-α) is the CPE parameter. Y0 and α are 

independent of frequency. Especially, the value of α is always between 0 and 1. The case α = 

1 represents an ideal capacitor, while α =0 represents a pure resistor. 

6.3 Electrochemical surface area calculations 

The electrochemically accessible surface areas (ECSAs) of the modified carbon electrodes 

were determined from the capacitive current values based on CV in the absence of substrate. 

The ECSA is obtained from eq. S4 using a specific capacitance (Csp, 25 µF cm-2) typically for 

carbonaceous materials.5 

Electrodes Rs (Ω) Y0,dl (S s−αdl) αdl Y0,p (S s−αp) αp Rct (Ω) χ•103 

Bare CPG 93.6 4.72 × 10-5 0.868 6.96 × 10-3 0.525 181 4.42 

G-P 38.5 1.59 × 10-3 0.632 1.59 × 10-3 0.750 30.5 2.47 

G-P/-0.9R 53.1 8.85 × 10-3 0.7073 9.65 × 10-3 0.892 19.4 3.10 

G-P/-1.1R 15.0 6.00 × 10-3 0.461 9.20 × 10-3 0.582 16.7 7.30 

G-P/-1.3R 44.7 9.00 × 10-3 0.684 1.22 × 10-2 0.898 15.8 3.93 

G-P/-1.5R 46.8 5.26 × 10-3 0.706 1.12 × 10-2 0.850 12.6 4.06 

G-P/R/hSO 43.0 7.96 × 10-4 0.679 3.81 × 10-3 0.595 258 9.50 

G-P/hSO 35.5 9.14 × 10-4 0.348 3.70 × 10-3 0.734 300 7.47 
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𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐶𝐶𝑑𝑑𝑑𝑑
𝐶𝐶𝑠𝑠𝑠𝑠

=
𝑖𝑖𝑎𝑎−𝑖𝑖𝑐𝑐
2 𝜈𝜈
𝐶𝐶𝑠𝑠𝑠𝑠

                                                     (S4) 

where Cdl (µF) is the electrochemical double-layer capacitance. 𝑖𝑖𝑎𝑎 and 𝑖𝑖𝑐𝑐 are the anodic and 

cathodic current at the potential of 0 mV vs Ag/AgCl, where there is no Faradaic processes, 

Figure 10. ν is the scan rate (0.005 V s-1). The calculated ECSAs (cm2) are summarized in 

Table S5. 

Table S5. Summary of ECSAs of G-P/R with different reduction windows (-0.9, -1.1, -1.3, or 
-1.5 to 0.2 V) based on Figure S10a and various hSO bioelectrodes based on Figure S10b. 

The calculated ECSAs for R/G-P/hSO and R/G-P/R/hSO are only 28 % and 38% of the value 

of G-P/R/hSO, respectively, eq. S5 and S6. 

ECSAR/G−P/ℎSO

ECSAG−P/R/ℎSO
= 10

36
= 28%                                            (S5) 

ECSAR/G−P/R/ℎSO

ECSAG−P/R/ℎSO
= 13.5

36
= 38%                                         (S6) 

Electrodes Δ𝑖𝑖 (µA) Cdl (µF) ECSA (cm2) 

G-P/-0.9R 4.9 ± 0.3 492 ± 34 20 ± 1 

G-P/-1.1R 4.6 ± 0.2 464 ± 18 18.6 ± 0.7 

G-P/-1.3R 3.9 ± 0.1 391 ± 15 15.6 ± 0.6 

G-P/-1.5R 3.9 ± 0.3 386 ± 28 15 ± 1 

R/hSO 3.6 ± 0.2 355 ± 18 14 ± 1 

PEI/R/hSO 5.7 ± 0.6 573 ± 66 23 ± 2 

G-P/R/hSO 9.1 ± 0.3 910 ± 30 36 ± 1 

R/G-P/hSO 2.5 ± 0.5 247 ± 54 10 ± 2 

R/G-P/R/hSO 3.4 ± 0.1 338 ± 10 13.5 ± 0.4 

G-P/hSO 0.89 ± 0.06 89 ± 6 3.6 ± 0.2 
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Figure S10. Representative CVs of (a) G-P/R electrodes with different reduction windows (-
0.9, -1.1, -1.3, or -1.5 to 0.2 V) and (b) various hSO bioelectrodes in oxygen-free Tris-acetate 
buffer solution (750 mM, pH 8.4) in the absence of Na2SO3; scan rate: 5 mV s-1. 

Table S6. Comparisons of ECSAs and interfacial electron transfer resistance (Rct) of G-P/R 
with different reduction potential windows (-0.9, -1.1, -1.3, or -1.5 to 0.2 V) based on Figure 
S9a and S10a. 

 

6.4 Electrocatalysis on bioelectrodes 

  

Figure S11. CVs of the G-P/hSO and hSO on CPG electrodes in oxygen-free Tris-acetate 
buffer solution (750 mM, pH 8.4) in the absence or presence of 1.0 mM Na2SO3 under stirring; 
scan rate: 5 mV s-1; the G-P electrode was used as a control. 
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Electrodes ECSA (cm2) Rct (Ω) 

G-P/-0.9R 20 ± 1 19.4 

G-P/-1.1R 18.6 ± 0.7 16.7 

G-P/-1.3R 15.6 ± 0.6 15.8 

G-P/-1.5R 15 ± 1 12.6 
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Figure S12. Representative CVs for the reduction of G-P on CPG electrodes in oxygen-free 
Tris-acetate buffer solution (100 mM, pH 7.0) under stirring; scan rate: 50 mV s-1. 

7.  Activity Assay of washing solutions for bioelectrodes and the washed 

bioelectrodes 

7.1 Methods of activity assay  

The dried G-P/R/hSO and G-P/hSO bioelectrodes were immersed in 500 µL of Tris-acetate 

buffer solution (pH 7.0, 0.5 mM) for one min to remove loosely bound hSO. The washed 

bioelectrode was then immersed in another fresh 500 µL of Tris-acetate buffer solution for 

another 1 min. This step was repeated 10 times, and thus a series of hSO bioelectrode washing 

buffer solutions (1st, 2nd 3rd, 4th … and 10th) were obtained. The hSO activities of these 

washing solutions were determined from the rate of cytochrome c reduction using a 

spectrophotometer according to eq. S7 and S8, Figure S13. The cuvette containing 840 µL of 

Tris-acetate buffer (pH 8.4, 50 mM), 50 µL of cytochrome c (1.0 mM in Millipore water, stored 

in ice bath) and 10 µL of Na2SO3 (40 mM in 50 mM Tris-acetate buffer, pH 8.4). 100 µL of 

the respective washing buffer solutions (1st, 2nd 3rd, 4th … and 10th) was then added to the 

cuvette, and the absorbance change at 550 nm recorded for one minute. 
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Figure S13. The schematic process of testing the activity assay with UV-vis spectroscopy of 
bioelectrode washing solutions for the 1st, 2nd 3rd, 4th … and 10th time and the washed 
bioelectrode in the presence of indicator cytochrome c and substrate Na2SO3. 

  Sulfite + 2 × cytochrome c (ox)  sulfate + 2 × cytochrome c (red)                (S7) 

Activity (U) = ∆𝐸𝐸 ∆𝑡𝑡 ×  𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡 �𝜀𝜀 × 𝐿𝐿 × 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒� × 𝑉𝑉𝑤𝑤𝑎𝑎𝑤𝑤ℎ𝑖𝑖𝑒𝑒𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏⁄⁄               (S8) 

ΔA/Δt is the value of the absorbance change per minute at the wavelength 550 nm of reduced 

cytochrome c. ε is the molar absorption coefficient (here, 16.9 mM-1 cm-1) and L the light path 

of the cuvettes (1.0 cm). Vtotal, Venzyme and Vwashing buffer are the volume of reaction solution (1.0 

mL), added enzyme solution (0.10 mL) and the washing buffer solution (0.50 mL).  

The washed bioelectrode was immersed in 5.0 mL solution which contains 4.7 mL Tris-acetate 

buffer (50 mM, pH 8.4), 250 µL cytochrome c (1.0 mM in Millipore water) and 50 µL 40 mM 

Na2SO3 (in 50 mM Tris-acetate buffer, pH 8.4) under stirring. At several time points, 500 µL 

of the reaction solution was withdrawn and the content of reduced cytochrome c determined 

from the absorbance at 550 nm. From the increase of reduced cytochrome c concentration, the 

catalytic activity of the immobilized hSO on electrodes was calculated, eq. S9. 

Activity (U) = ∆𝐸𝐸 ∆𝑡𝑡 ×  𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡 (𝜀𝜀 × 𝐿𝐿)⁄⁄                                    (S9) 

where all parameters have the same meanings and values as above, except for Vtotal (here, 5.0 

mL).  

7.2 Results of activity assay  

The calculated activity of hSO in all washing solutions and immobilized on bioelectrodes are 
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listed in Table S7 and Figure S14. 

Table S7. The hSO activity in all washing solutions and immobilized on bioelectrodes 
(geometric area: 0.25 cm2). 

Bioelectrodes  ΔA550/Δt (min-1) Catalytic activity 

(U) 

Percentage of 

total hSO (%) 

G-P/R/hSO Washed 0.110 ± 0.003 0.028 ± 0.001 31 ± 1 

immobilized 0.19 ± 0.01 0.050 ± 0.004 55 ± 4 

In total  0.078 ± 0.005 86 ± 5 

G-P/hSO Washed 0.187 ± 0.007 0.048 ± 0.002 53 ± 2 

immobilized 0.157 ± 0.001 0.040 ± 0.001 44 ± 1 

In total  0.088 ± 0.003 97 ± 3 

10 µL of 1 µM hSO  0.179 ± 0.007 0.0091 ± 0.0003 10 

10 µL of 10 µM hSO Applied  

amount 

 0.091 ± 0.003 100 

 

 

Figure S14. (a) The enzyme activity of washing bioelectrode solution based on the production of 
reduced cytochrome c (absorption wavelength = 550 nm) and (b) the absorbance value for reduced 
cytochrome c treated with the resulting washed bioelectrodes (G-P/R/hSO and G-P/hSO) in Tris-acetate 
buffer (pH 8.4, 50 mM) in the presence of substrate (0.40 mM Na2SO3). G-P and G-P/R electrodes are 
controls. 



S20 
 

8.  Electrocatalytic Kinetic Calculations 

To evaluate the apparent oxidase activities of a series of hSO modified bioelectrodes, the 

Michaelis-Menten parameters were calculated from different Na2SO3 concentrations based on 

eq. S10. 

𝒗𝒗 = 𝑽𝑽𝑚𝑚[𝑆𝑆]
𝐾𝐾𝑚𝑚+[𝑆𝑆]                                                        (S10) 

j = nF𝒗𝒗
𝐴𝐴𝐺𝐺

× 106                                                  (S11) 

𝒗𝒗 can be expressed by the heterogeneous reaction rate (mol s-1), corresponding to the 

bioelectrocatalytic current density j (µA cm-2), [S] is the concentration of the substrate Na2SO3 

(µM). 𝒗𝒗m is the maximum reaction rate, and the related jm is the saturation catalytic current 

density. The relationship between 𝒗𝒗 and j is given by eq. S11, where n is the number of electrons 

transferred in the electrochemical reactions (2 for sulfite oxidation), and F the Faraday constant 

(96485 C mol-1). AG is the geometric area of the electrodes, here 0.25 cm2. 

The Michaelis constant Km (µM) is the substrate concentration, at which the reaction rate is 

half of 𝒗𝒗m. A smaller Km for the free enzyme indicates a stronger binding affinity of enzyme to 

substrate and that the reaction rate approaches faster its maximum value. For hSO immobilized 

on the electrode surface, the apparent Km is usually larger than in free solution due to the mass 

diffusion limitation.10 

The turnover number (kcat), and catalytic efficiency (kcat/Km) of how efficiently an enzyme 

converts a substrate into product, were calculated based on eq. S10 and S12, on the assumption 

that the surface concentration of hSO (Γ) on the electrodes is the same. According to eq. S13 

and S14, the surface concentration of enzyme Γ was calculated by integration (Q) of the 

oxidation peak of the I-t curves (Figure S15c and d). These I-t curves are transformed from 

background eliminated CVs of the hSO bioelectrodes (Figure S15b) showing Faradaic 
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responses at different scan rates, obtained after subtracting the original CVs of the hSO 

bioelectrodes from the ones on the same electrode before hSO immobilization. The surface 

concentration of hSO on the modified electrodes Γ (mol cm-2) was determined to be (4.9 ± 0.8) 

× 10-12 mol cm-2. 

𝒗𝒗𝑒𝑒 = 𝑘𝑘𝑐𝑐𝑎𝑎𝑡𝑡𝛤𝛤𝐸𝐸𝐺𝐺                                                                  (S12) 

Q = ∫ 𝑖𝑖 𝑑𝑑𝑡𝑡 = ∫ 𝑖𝑖 𝑑𝑑 �𝐶𝐶𝜈𝜈�                                                   (S13) 

𝛤𝛤 = Q
𝑒𝑒𝑒𝑒−𝑁𝑁𝐴𝐴𝐴𝐴𝐺𝐺

                                                                  (S14) 

where Γ (mol cm-2) is the surface concentration of hSO on the modified electrodes. kcat (s-1) is 

the turnover number. Q (C), 𝑖𝑖 (A), E (V) and ν (V s-1) are the electronic charge for heme 

oxidation (eq. S15),11 the current, the electrochemical potential, and the scan rate, respectively. 

Here, n is 1 for the redox process of the heme. e- is the unit charge of a single electron (1.602 

× 10-19 C) and NA Avogadro’s constant (6.02 × 1023 mol-1). AG is the geometric area of the 

electrodes, here 0.25 cm2. 

Heme(FeIII) + e− → Heme(FeII)          E0 = ~ -120 mV vs. Ag/AgCl11           (S15) 
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Figure S15. (a) CVs of the G-P/R/hSO in oxygen-free Tris-acetate buffer solutions (750 mM, 
pH = 8.4) in the absence of Na2SO3, and (b) corresponding scans of heme oxidation with (c) 
500 and (d) 200 mV s-1 with the G-P/R electrode background subtracted. The calculated 
representative I-t curves based on (b) according to eq. S16. The integral area values in (c) and 
(d) is the electronic charge (Q, C) for heme oxidation. 

Time =  𝐶𝐶
ν
                                                            (S16) 

where the Time (s) is calculated by dividing the applied potential (E, V) by the scan rate (ν, V 

s-1) based on Figure S15b. 

Table S8. Summary of enzyme kinetic parameters of various electrodes. 

Electrodes Km (µM) jm (µA cm-2) 𝒗𝒗m (mol s-1) kcat (s-1) kcat/Km (s-1 µM-1) 

R/G-P/hSO 22 ± 2 3.42 ± 0.04 4.43 ± 0.05 × 10-12 3.6 ± 0.04 0.163 ± 0.002 

R/G-P/R/hSO 63 ± 5 12.7 ± 0.2 1.64 ± 0.02 × 10-11 13.3 ± 0.2 0.211 ± 0.003 

G-P/R/hSO 111 ± 5 24.4 ± 0.3 3.16 ± 0.04 × 10-11 25.6 ± 0.3 0.231 ± 0.003 

G-P/hSO 34 ± 5 2.46 ± 0.06 3.19 ± 0.08 × 10-12 2.58 ± 
0.06 

0.076 ± 0.002 
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Table S9. Summary of enzyme kinetic parameters of G-P/R/hSO bioelectrodes with different 
graphene (reduced GO) concentrations (CG) and PEI MWs. 

CG  
(mg mL-1) 

PEI MWs 
(g mol-1) 

Km (µM) jm  
(µA cm-2) 

𝒗𝒗m  
(mol s-1) 

kcat  

(s-1) 

kcat/Km  

(s-1 µM-1) 

0 25000 65 ± 2 15.8 ± 0.1 2.05 ± 0.01 × 10-11 16.8 ± 0.1 0.255 ± 0.002 

0.25 25000 88 ± 6 18.2 ± 0.3 2.36 ± 0.4 × 10-11 19.1 ± 0.3 0.217 ± 0.004 

0.50 25000 111 ± 5 24.4 ± 0.3 3.16 ± 0.04 × 10-11 25.6 ± 0.3 0.231 ± 0.003 

0.75 25000 122 ± 4 25.4 ± 0.2 3.29 ± 0.03 × 10-11 26.6 ± 0.2 0.218 ± 0.002 

1.0 25000 118 ± 6 23.2 ± 0.3 3.00 ± 0.04 × 10-11 24.4 ± 0.3 0.206 ± 0.003 

0.50 800 32 ± 1 4.21 ± 0.02 5.45 ± 0.03 × 10-12 4.42 ± 
0.02 

0.138 ± 0.001 

0.50 1300 59 ± 1 13.25 ± 
0.07 

1.72 ± 0.09 × 10-11 13.9 ± 0.1 0.236 ± 0.001 

0.50 5000 100 ± 3 17.1 ± 0.2 2.22 ± 0.03 × 10-11 17.9 ± 0.2 0.180 ± 0.002 

0.50 750000 140 ± 9 21.5 ± 0.4 2.78 ± 0.05 × 10-11 22.6 ± 0.4 0.161 ± 0.003 

 

9.  Evaluation of bioelectrodes 

9.1 Adsorption behavior of hSO on G-P/R modified electrodes 

The amount of immobilized active hSO on the electrode is believed to be proportional to the 

catalytic response to the saturation concentration of substrate sulfite. The catalytic response 

was therefore measured after different durations of enzyme incubation to follow the loading 

process. 

After 10 µL of 10 µM hSO in 0.5 mM pH 7.0 Tris-acetate buffer was drop-cast onto the moist 

G-P/R electrode. The resulting G-P/R/hSO electrode was incubated for 5, 10, 20, 40, 60, 120 

or 180 min at 4 °C, and then washed in 0.5 mM pH 7.0 Tris-acetate buffer. The bioelectrode 

was stored in a high-humidity atmosphere for use. 
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Figure S16. Adsorption behavior of hSO: dependence of catalytic current towards 1.0 mM 
sulfite on the duration of incubation of the G-P/R electrode with 10 µL of 10 µM hSO.  The 
enzyme was dropcasted and incubated for 0, 5, 10, 20, 40, 60,120 or 180 min in high-humidity 
atmosphere at 4 °C. The catalytic response is recorded in oxygen-free Tris-acetate buffer 
solution (750 mM, pH 8.4) under stirring.  

9.2 Denaturation and detachment evaluation of hSO bioelectrodes 

In order to discriminate the denaturation from detachment of immobilized hSO on the 

electrodes, the catalytic responses on hSO bioelectrode (G-P/R/hSO) stored in high-humidity 

atmosphere or immersed in Tris-acetate buffer solution (750 mM, pH 8.4) at room temperature 

for 3 h were measured, Figure S17. The control was a freshly prepared hSO bioelectrode. 

 

Figure S17. Catalytic current percentage of G-P/R/hSO bioelectrodes stored in high-humidity 
atmosphere or immersed in Tris-acetate buffer solution (750 mM, pH 8.4) for 3 h at room 
temperature, the fresh bioelectrode as the control. The catalytic response is recorded for 
oxygen-free Tris-acetate buffer solution (750 mM, pH 8.4) under stirring. 
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9.3 Evaluation of DET efficiency and dioxygen competition of hSO bioelectrodes 

The stabilized hSO bioelectrodes were used to evaluate the direct electron transfer (DET) 

efficiency. The CVs of hSO bioelectrodes with mediator (mediated electron transfer, MET, 0.1 

mM TMPD) assistance or without mediator were recorded (Figure S18a). The effect of 

dioxygen competition on the stabilized G-P/R/hSO bioelectrode was investigated. The CVs of 

the 2nd, 3rd and 4th measurement are shown in Figure S18b. The clear reduction wave is due to 

the presence of dioxygen in the electrolyte. 

 

Figure S18. (a) Evaluation of direct electron transfer (DET) efficiency and (b) the effect of 
dioxygen competition on the stabilized G-P/R/hSO bioelectrodes towards 1.0 mM Na2SO3 in 
Tris-acetate buffer (750 mM, pH 8.4) under stirring. CVs at 5 mV s-1. 1st, 2nd, 3rd and 4th 
scan represent the measurement orders in fresh electrolytes. D and N are abbreviations for the 
measurement conditions in the degassed and non-degassed electrolytes, respectively. The 
concentration of the mediator N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD) used is 
0.10 mM. Unlike the investigation on effects of dioxygen competition, evaluation of DET 
refers to oxygen-free Tris-acetate buffer (750 mM, pH 8.4). 

9.4 Operational Lifetime of hSO bioelectrodes 

The operational lifetime of the bioelectrode was recorded by repetitive measurements with an 

interval of 30 min, Figure S19. A decrease of 34% of the initial response over 180 min was 

observed. Together with the observation of a 50% reduction in catalytic response after one-

week storage, Figure 5d, the loss of activity during storage is believed to be the consequence 

of enzyme inactivation and detachment of immobilized hSO from the electrode surfaces. 
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Figure S19. Operational lifetime of the G-P/R/hSO bioelectrodes in 1.0 mM Na2SO3 operated 
at 0 V vs. Ag/AgCl. All measurements were carried out for oxygen-free Tris-acetate buffer 
solution (750 mM, pH 8.4) under stirring. 
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