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S1 Supplementary Experimental Section 

S1.1 Chemicals and Materials 

Multiwalled carbon nanotubes (MWCNTs) (95% purity, diameter = 5–15 nm, length = 10–30 μm) were 

from Luoyang advanced material Co., Ltd. D-(+)-glucose anhydrous was from Fluka. Graphite (particle 

size <20 μm), glucose oxidase (GOx, from Aspergillus niger, type VII), 1,4–naphthoquinone (NQ), 

chitosan, lactic acid (C3H6O3), uric acid (C5H4N4O3), creatinine (C4H7N3O), creatine monohydrate 

(C4H9N3O2·H2O) and L-ascorbic acid (C6H8O6) were from Sigma-Aldrich. Urea (CH4N2O) were from 

Riedel-deHaën. Potassium phosphate dibasic (K2HPO4), potassium phosphate monobasic (KH2PO4), 

and potassium ferricyanide (K3Fe(CN)6) were from BDH Chemicals Ltd. Potassium chloride (KCl) was 

from Rankem, RFCL Ltd. Ferric chloride anhydrous (FeCl3), hydrogen peroxide 30% (H2O2), and 

sodium chloride (NaCl) were from Merck. Sodium carbonate (Na2CO3) and sodium phosphate 

monobasic (NaH2PO4·2H2O) were from Ajax Finechem. Di-Sodium hydrogen phosphate 12-hydrate 

(Na2HPO4·12H2O) was from KemAus. Tetrahydrofuran (THF) was from Honeywell, B&J brand. 

Hydrochloric acid (HCl) was from RCI Labscan Ltd. Polyurethane (PU) (Tecoflex® SG-80A) was from 

Lubrizol Life Sciences. All chemical solutions were prepared using ultrapure deionized water (18.2 MΩ 

cm) from a Milli Q Merck system (Germany). The phosphate buffered solution (PBS) (0.1 M) was made 

with a pH value of 7.0. Glucose solution was prepared before use for at least 24 h and stored at 4 °C.  

S1.2 Preparation of Artificial Sweat 

The compositions described in the literature were followed for preparing an artificial sweat solution 

with a modification [S1]. Briefly, 0.2 M phosphate-buffered saline was first prepared. Specifically, 

71.60 g L–1 of Na2HPO4⋅12H2O and 7.24 g L–1 of NaH2PO4·2H2O were separately prepared, and named 

as stock A and B, respectively.  Solutions A and B were mixed at the ratio of 40.5 : 9.5 mL to obtain 50 

mL of phosphate-buffered saline solution. Then, 0.45 g NaCl was added. Lactic acid, uric acid, urea, 
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creatinine, creatine, and ascorbic acid were added to the PBS solution according to the median values 

of human sweat constituents stated in Table S3 [S2], resulting in artificial sweat.   

S1.3 Preparation of Inks 

S1.3.1 Synthesis of PB/MWCNT Nanocomposite  

PB-based nanocomposite was prepared to enhance peroxide catalytic activity on the biocathode. One-

pot preparation of PB/MWCNT was conducted as follows, with a modification [S3]. First, 45 mg of 

MWCNTs was dispersed in 15 mL of water using a homogenizer probe (model AR-0975) level 1 for 

90 s. Next, 15 mL of MWCNT dispersion were added to 300 mL of the acidic mixture (pH 1.5, adjusted 

with HCl) of Fe3+ (containing 603 mg FeCl3, 764 mg K3Fe(CN)6, and 3,348 mg KCl) with vigorous 

stirring. The suspension was stirred for 24 h, and the resulting solid of the PB/MWCNT nanocomposite 

was obtained by centrifugation (9,000 rpm, 5 min) and excess ions were removed thoroughly with water 

two times. The PB/MWCNT particles were then left to dry in a hot air oven at 40 °C for 24 h.  

S1.3.2 Anode NQ/MWCNT-based Ink 

The NQ/MWCNT-based ink was prepared by dispersing 100 mg of MWCNTs in 3 mL of THF using a 

homogenizer probe, level 1 for 90 s. Simultaneously, 50 mg of NQ was dissolved in 0.3 mL of THF 

with vigorous shaking. Then, 1,000 mg of graphite, 105 mg of PU (dissolved in 0.7 mL of THF), 

dissolved NQ, and dispersed MWCNTs were mixed using a mixing machine (Shashin Kagaku, 

Kakuhunter, SK-300SII, Japan) at 1,500 rpm for 5 min. For anode preparation, the NQ/MWCNT-based 

ink was printed on the substrate with controlling the solid-to-solvent ratio of 1 mg : 4 μL.   

S1.3.3 Cathode PB/MWCNT-based Ink 

PB/MWCNT-based ink was prepared by dispersing 100 mg of as-prepared PB/MWCNT powder in 1 

mL of THF using a homogenizer probe, level 1 for 90 s. Then, 1,000 mg of graphite and 105 mg of PU 

(dissolved in 0.7 mL THF) were mixed with the mixture using a mixing machine at 1,500 rpm for 5 

min. For cathode preparation, the PB/MWCNT-based ink was printed on the substrate with controlling 

the solid-to-solvent ratio of 1 mg : 2.7 μL.   

S1.4 Preparation of an Enzymatic BFC  

For modifying a bioanode, the printed NQ/MWCNT-based electrode was first cleaned by applying a 

constant voltage of 1.20 V in 1.0 M Na2CO3 for 60 s, and then followed by drop casting 8 μL of 30 mg 

mL–1 GOx in 0.10 M PBS, pH 7.4. After air drying, 6 μL of 1.5% (w/v) chitosan (in 0.25 M acetic acid) 

was dropped to cover electrode surface. For modifying a biocathode, the printed PB/MWCNT-based 

electrode was functionalized by drop-casting 8 μL of 30 mg mL–1 GOx. After air drying, 6 μL of 1.5% 

(w/v) chitosan was dropped. The BFCs were left to dry for 24 h at 4 °C. 

S1.5 Microscopic and Functional Group Characterizations 

Scanning electron microscope (SEM) was used to characterize the microscopic morphology of 

electrodes. EDX mappings for the cathode were performed with energy-dispersive spectrometer 

mounted on the SEM. Fourier transform infrared (FT-IR) spectra were recorded in the range of 

400−4000 cm−1 by loading the samples (MWCNT and PB/MWCNT) in a KBr pellet on a Nicolet™ 

iS™ 5 FT-IR spectrometer.  
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S1.6 Resistance and Electrochemical Measurement 

The resistance and short circuit current output in the self-powered mode were measured using a digital 

multimeter (6½ digit Keysight, model 34465A) and the data was recorded through a Keysight 

BenchVue Software (version 3.0). Electrochemical experiments, i.e., cyclic voltammetry (CV), 

amperometry, and linear sweep voltammetry (LSV), were performed using a μAutolab Type III FRA 2 

(Metrohm) controlled by NOVA software. To perform experiments in a three-electrode system, our 

developed electrodes were evaluated with a Pt wire and Ag/AgCl (in 3.0 M KCl) as counter and 

reference electrodes. A glassy carbon electrode (GC) was only used as a working electrode in 

PB/MWCNT characterization. All experiments were carried out at room temperature and in 0.1 M PBS, 

pH 7.0, unless otherwise specified. 

S1.7 Self-powered Detection of Glucose 

For the BFC characterization, a two-electrode system was carried out. The open circuit voltage (OCV) 

was monitored before and after the addition of glucose solution. The polarization curve was obtained 

from OCV to 0 V with a scan rate of 5 mV s–1. The self-powered current output was recorded through 

a digital multimeter with an external load of 99.7 kΩ while voltage and current were measured by using 

a compact voltmeter (Vernier GO Direct® Electrode Amplifier with an internal lithium-ion 

rechargeable battery), and a digital multimeter. The selectivity of a screen-printed glucose BFC was 

investigated in solutions containing common constituents available in human sweat. Specifically, the 

self-generated current was first investigated in 0.10 M PBS, pH 7.0 containing 1.5 mM glucose, 

followed by successively testing with interferences (14 mM lactate, 59 μM uric acid, 10 μM ascorbic 

acid, and 84 μM creatinine), containing 1.5 mM glucose, and ending up with glucose (3, 5, and 10 mM).  
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S2 Supplementary Figures  

 

Fig. S1 Electrochemical study of the flexible PB/MWCNT-based cathode toward electrocatalytic H2O2 

reduction. a Amperometric response of a screen-printed PB/MWCNT-based cathode versus Ag/AgCl 

as a reference electrode and Pt as a counter electrode, with an applied potential of 0 V upon increasing 

the H2O2 concentrations ((1) 0.25 mM; (2) 0.50 mM; (3) 0.75 mM; (4) 1.00 mM; (5) 1.50 mM; (6) 2.00 

mM; (7) 2.50 mM; (8) 5.00 mM; (9) 10.00 mM; and (10) 20.00 mM). b The corresponding calibration 

plot of the current response of the PB/MWCNT-based cathode 
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Fig. S2 Electrochemical reaction kinetics of a screen-printed NQ/MWCNT-based anode. a b-value 

determination of the anodic and cathodic peak currents. b Areal capacitance variations at different scan 

rates from 10–200 mV s−1. c Charge storage contributions in the NQ/MWCNT-based anode at 10 mV 

s−1. d The breakdown for charge storage contributions (capacitive and faradaic) 
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Fig. S3 Electrochemical reaction kinetics of a screen-printed PB/MWCNT-based cathode. a b-value 

determination of the anodic and cathodic peak currents. b Areal capacitance variations at different scan 

rates from 10–200 mV s−1. c Charge storage contributions in the PB/MWCNT-based cathode at 10 mV 

s−1. d The breakdown for charge storage contributions (capacitive and faradaic) 
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S3 Supplementary Tables 

Table S1 Comparison of different GOx-based BFCs using glucose on the bioanode and the biocathode 

Fuel(s) on the 

anode and the 

cathode 

Electrodes 
Detection 

ranges 

OCV 

(V) 

Power  

(μW cm-2) 
Electrolyte 

Screen 

printing 
Flexible Ref. 

glucose and 

H2O2 

generated by 

glucose  

GOx/5–Amino-1,10–

Phenanthroline/graphite rod 

bioanode and GOx/horseradish 

peroxidase/graphite rod 

biocathode 

0–150 mM 

glucose 

0.45 3.5 0.05 M sodium acetate-

sodium phosphate buffer, pH 

6.0 (containing 0.1 M KCl) 

✗ ✗ [S4] 

glucose and 

H2O2 

generated by 

glucose 

GOx/poly(pyrrole–2–carboxylic 

acid)/gold 

nanoparticles/poly(1,10–

phenanthroline–5,6–

dione)/graphite rod bioanode and 

GOx/poly(pyrrole–2–carboxylic 

acid)/Prussian blue/graphite rod 

biocathode 

0.01–195 mM 

glucose 

0.64 10.9 O2-saturated sodium acetate-

sodium phosphate -KCl 

buffer solution, pH 6.0 

✗ ✗ [S5] 

glucose and 

H2O2 

generated by 

glucose 

chitosan/GOx/NQ/MWCNT/ 

graphite/silver bioanode and 

chitosan/GOx/Prussian blue 

/MWCNT/ graphite/silver 

biocathode 

0.05–10 mM 

glucose 

0.45 266.0 0.1 M phosphate buffer 

solution, pH 7.0 / artificial 

sweat 

✓ ✓ This work 
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Table S2 Comparison of glucose BFCs 

Fuel(s) on the 

anode and the 

cathode 

Electrodes 
Glucose 

ranges 

OCV 

(V) 

Power  

(μW cm-2) 
Electrolyte 

Screen 

printing 
Flexible Ref. 

glucose and H2O2 

directly converted 

by GOx 

GOx/5–Amino-1,10–

Phenanthroline/graphite rod 

bioanode and 

GOx/horseradish 

peroxidase/graphite rod 

biocathode 

0–150 

mM 

glucose 

0.45 3.5 

0.05 M sodium acetate-

sodium phosphate buffer, 

pH6.0 (containing 0.1 M 

KCl) 

✗ ✗  [S4] 

glucose and H2O2 

directly converted 

by GOx  

GOx/poly(pyrrole–2–

carboxylic acid)/gold 

nanoparticles/poly(1,10–

phenanthroline–5,6–

dione)/graphite rod bioanode 

and GOx/poly(pyrrole–2–

carboxylic acid)/Prussian 

blue/graphite rod biocathode 

0.01–195 

mM 

glucose 

0.64 10.9 
O2-saturated APS-KCl 

buffer solution, pH 6.0 
✗ ✗ [S5] 

glucose and O2 

tetrathiafulvalene/GOx/carbon 

paste bioanode and Pt 

black/carbon paste cathode 

5–25 mM 

glucose 
0.26 7.0 

0.1 M phosphate buffer 

solution, pH 7.4 / artificial 

interstitial fluid 

✗ ✗  [S6] 
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Table S2 Comparison of glucose BFC (continue) 

Fuel(s) on the 

anode and the 

cathode 

Electrodes 
Glucose 

ranges 

OCV 

(V) 

Power  

(μW cm-2) 
Electrolyte 

Screen 

printing 
Flexible Ref. 

 glucose and 

O2 

flavin-adenine-dinucleotide-

dependent glucose 

dehydrogenase/MgO-templated 

mesoporous carbon modified with 

poly(glycidyl methacrylate)/carbon 

paste bioanode and bilirubin 

oxidase/MgO-templated 

mesoporous carbon modified with 

poly(glycidyl methacrylate)/carbon 

paste biocathode 

0–10 mM 

glucose 
0.77 - 

1 M phosphate buffer 

solution, pH 7.0 / 

artificial urine 

✓ ✓ [S7] 

glucose and 

O2 

glucose 

gdehydrogenase/pyrroloquinoline 

quinone/cabon bioanode and 1-

pyrenebutyric acid N-

hydroxysuccinimide ester/bilirubin 

oxidase/graphitized carbon 

nanofibers/carbon biocathode 

0.1–10 

mM 

lucose 

0.57 6.8 

air-saturated 

phosphate buffer 

solution, pH 7.4 

✗ ✗ [S8] 

glucose and 

O2 

GOx/tetrathiafulvalene/carbon/filter 

paper bioanode and bilirubin 

oxidase/carbon/filter paper 

biocathode 

1–25 mM 

glucose 
0.57 120 

1 M phosphate buffer 

solution, pH 7.0 / 

artificial urine 

✓ ✗ [S9] 
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Table S2 Comparison of glucose BFC (continue) 

Fuel(s) on the 

anode and the 

cathode 

Electrodes 
Detection 

ranges 

OCV 

(V) 

Power  

(μW cm-2) 
Electrolyte 

Screen 

printing 
Flexible Ref. 

glucose and 

manganese 

oxide 

GOx/cobalt phthalocyanine/1–

pyrenebutyric acid/buckypaper 

bioanode and manganese 

oxide/1–pyrenebutyric 

acid/buckypaper 

0.5–8 mM 

glucose 
0.65 136.0 

0.1 M phosphate buffer 

solution, pH 7.0 / human 

serum 

✗ ✗ [S10] 

glucose and 

silver oxide 

GOx/NQ/CNT bioanode and 

silver oxide/silver cathode 

0–50 mM 

glucose 
0.44 160.0 

0.1 M phosphate buffer 

solution, pH 7.0 / sweat 
✓ ✓ [S11] 

glucose and 

H2O2 directly 

converted by 

GOx  

chitosan/GOx/NQ/MWCNT/gra

phite/silver bioanode and 

chitosan/GOx/PB/MWCNT/gra

phite/silver biocathode 

0.05–10 mM 

glucose 
0.45 266.0 

0.1 M phosphate buffered 

saline, pH 7.0 / artificial 

sweat  

✓ ✓ This work 

 

https://www.springer.com/journal/40820


Nano-Micro Letters 

 

11 of 14 

Table S3 Formulation of an artificial sweat [S2] 

Constituents 

Concentration 

(M) 

 
Lactic acid (C3H6O3) 1.4 × 10–2  

Uric acid (C5H4N4O3) 5.9 × 10–5  

Urea (CH4N2O) 1.0 × 10–2  

Creatinine (C4H7N3O) 8.4 × 10–5  

Creatine monohydrate (C4H9N3O2·H2O) 1.5 × 10–5  

Ascorbic acid (C6H8O6) 1.0 × 10–5  
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Supporting Information Note 1: The b-value 
As current varies depending on different scan rates, the charge stored by the Faradaic diffusion-

controlled or capacitive contributions can be determined by a b-value [S12], which can be derived from 

the power law equation (Supporting Equation S1): 

𝑖 =  𝑎𝜈𝑏       (S1) 

Where 𝑖 is the current (A), 𝑣 is the scan rate (V s−1), 𝑎 and 𝑏 are arbitrary coefficients. The b-values can 

be calculated from the slope obtained by plotting the peak currents and scan rates in a log plot with an 

assumption that the current obeys the power-law relationship.  

Supporting Information Note 2: The areal capacitance calculations 

The areal capacitance of an electrode was estimated according to CVs data and calculated by Supporting 

Equation S2 and S3.  

𝐶 =   
1

2 × (𝑉2−𝑉1)× 𝑣 
 ∫ |𝐼(𝑉)|

𝑉2

𝑉1
𝑑𝑉     (S2) 

𝐶𝑎𝑟𝑒𝑎𝑙 =
𝐶

𝐴
       (S3) 

Where I(V) is the instantaneous current in each potential (A), 𝑉2  and 𝑉1  are the upper and lower 

potential of the chosen potential window (V), 𝑣 is the scan rate (V s–1), and 𝐴 is the geometrical area of 

the printed electrode (cm2).  

Supporting Information Note 3: The faradaic and capacitive charge-storage contributions 

In order to distinguish the faradaic and capacitive charge-storage contributions on each electrode, the 

CVs curves from was analyzed followed the relation that the overall current (𝑖𝑡𝑜𝑡𝑎𝑙) at a given potential 

can be expressed as the sum of two separate charge storage mechanisms, i.e., capacitive current (𝑖𝑐) and 

faradaic diffusion limited current (𝑖𝑑), using the Supporting Equation S4 [S13].   

𝑖𝑡𝑜𝑡𝑎𝑙 = 𝑖𝑐 + 𝑖𝑑 = 𝑘𝑐𝑣 + 𝑘𝑑𝑣1/2                  (S4) 

Where 𝑘𝑐𝑣  and  𝑘𝑑𝑣1/2  are the current contribution from capacitive and faradaic charge storage 

mechanism, respectively. The 𝑘𝑐  and 𝑘𝑑  values can be calculated from the slope and y-intercept 

obtained by plotting the current response at each potential normalized to the square root of the scan rate, 

using Supporting Equation S5. 

𝑖𝑡𝑜𝑡𝑎𝑙

𝑣1/2 = 𝑘𝑐𝑣1/2 + 𝑘𝑑      (S5) 

The estimated capacitive contribution area which exceeds the total CV curve is trimmed so that it falls 

solely within the total CV region. 

Supporting Information Note 4: The modified Michaelis-Menten equation 

The modified Michaelis-Menten equation for consumed substrate (glucose) is presented as:  

𝐸 =  
𝐸𝑚𝑎𝑥 × [𝑔𝑙𝑢𝑐𝑜𝑠𝑒]

𝐾𝑚+[𝑔𝑙𝑢𝑐𝑜𝑠𝑒]
+ 𝐶     (S6) 
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Where 𝐸 is a generated potential after the addition of glucose, [𝑔𝑙𝑢𝑐𝑜𝑠𝑒] is the glucose concentration, 

𝐸𝑚𝑎𝑥 is the maximum potential obtained from saturated glucose concentrations and C is a constant.  
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