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Supplementary Note 1 

Electrochemical impedance spectra 

The electrochemical impedance spectra of the 5-, 10-, and 20-MCFs shown in Fig. 2h displayed 

similar characteristics, consistent with charge transfer kinetics (a depressed semicircular arc at 

high frequencies) and diffusive control (a straight tail at low frequencies, called the Warburg 

impedance). Each impedance component value was obtained from fitting the Randle’s 

equivalent circuit, consisting of Rs, Rct, constant phase element (CPEdl), and W, corresponding 

to the equivalent series resistance (ESR), the charge transfer resistance, the double-layer 

capacitance, and the Warburg impedance, respectively (Supplementary Fig. 6a). In this case, 

the CPEdl was used for the double-layer capacitance associated with the interface between the 

electrolyte and the porous MCF electrodes. With increasing number of bilayers (n) of TOA-Au 

NP/TREN (n = 5 – 20), the ESR at 1 kHz and the Rct values significantly decreased from 1346 

to 30 Ω, and from 303.1 to 3.9 Ω, respectively, indicating that better charge transfer kinetics 

for the MCFs could be obtained by increasing the loading (or number of bilayers) of the Au 

NPs, followed by an increase in both the electrical conductivity and the effective surface area. 

Additionally, the CPEdl value (903.3 µF) for 20-MCF was higher than those of other MCFs 

(48.1 µF for 5-MCF and 546.2 µF for 10-MCF). This also reflects the increase in the active 

surface area with the high mass loading of the Au NPs. The frequency-dependent 

electrochemical behavior of MCFs can further be characterized by the knee frequency, defined 

as a crossover point from the charge transfer reaction to the diffusion-controlled region. These 

knee frequencies were obtained from admittance plots (Supplementary Fig. 6b). As a result, 

the knee frequency of the 20-MCF was higher than those of the 5-, and 10-MCFs, implying 

more facile mass transport during electrochemical operations1. 
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Supplementary Fig. 21 shows Warburg impedance coefficient plots of (GOx/PEI)30 

and (GOx/TREN)30 on 20-MCF. The slope of each curve represents the value of the Warburg 

impedance coefficient ( w ) that is obtained by plotting the impedance spectra in the low 

frequency region using Equation:  

5.0' −++= ωσRRZ wcts
,                                         

where ω is the angular frequency.  

Additionally, the diffusion coefficient (D) can be calculated using Equation:  

22 )CσAFRTD w/0.5(= ,                                          

where R, T, A, F, and C indicate the gas constant, absolute temperature (K), the electrode area 

(cm2), Faraday’s constant (C mol−1), and the molar concentration of ions in the electrolyte (mol 

l−1), respectively. Therefore, a decrease in the Warburg impedance coefficient means an 

increase in ion diffusion through the electrode. As a result, the (GOx/TREN)30 multilayers on 

the 20-MCF exhibited a smaller 
wσ value (~37.9 Ω s−0.5) than the (GOx/PEI)30-based electrode 

(~2.929 × 102 Ω s−0.5), implying a more facile ion diffusion process. More specifically, the D 

values of the (GOx/TREN)30- and (GOx/PEI)30-based electrodes were 3.0 × 10−4 and 5.3 × 10−6 

cm2 s−1, respectively2. 
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Supplementary Figure 1. Surface morphology of the bare cotton fibers. a, Photographic 

(scale bar, 1 mm) and b, Field-emission scanning electron microscopy (FE-SEM) images of 

bare cotton fibers (scale bar, 50 µm (left) and 5 µm (right)). 
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Supplementary Figure 2. AFM image and surface roughness profile of (TOA-Au 

NP/TREN)20 multilayer-coated Si wafer. 
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Supplementary Figure 3. Atomic analysis using energy-dispersive X-ray spectroscopy 

mapping images. Cross-sectional field emission-scanning electron microscopy (FE-SEM) and 

energy-dispersive X-ray spectroscopy (EDS) images of (TOA-Au NP/TREN)20-coated cotton 

fibers a, with a highly porous structure and nylon fibers b, with a nonporous structure. As 

confirmed by the EDS images, the TOA-Au NPs uniformly and deeply infiltrated into the inner 

center as well as the outer surface of the porous cotton fibers. In contrast, the TOA-Au NPs 

were deposited only on the outer surface of the nonporous nylon fibers. 
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Supplementary Figure 4. Flexibility of 20-MCF. a, Optical image showing a bent MCF 

electrode, which is held by tweezers. b, Optical image of a flexible MCF-BFC electrode in 

which the 20-MCF is helically wrapped around a 1.5-mm diameter glass rod. All scale bars in 

FE-SEM images indicate 1 mm. 
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Supplementary Figure 5. Fourier transform infrared spectra characterization. Fourier 

transform infrared (FTIR) spectra of TREN and TOA-Au NPs. In the case of TOA-Au NPs, 

FTIR absorbance peaks at 2928 and 2856 cm−1 arise due to the C—H stretching of the TOA 

ligands with long alkyl chains, which were primarily traced to investigate the ligand 

replacement reaction between the TOA ligands bound to the surface of Au NPs and the NH2 

groups of TREN during LbL assembly. 
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Supplementary Figure 6. Admittance plot for the charge transfer rate related to the 

diffusion distance with knee frequency. a, Representative equivalent circuit from the Nyquist 

plots in Fig. 2h. b, Admittance plots of MCFs with different numbers of bilayers (n). Each 

frequency values reflects the knee frequencies. Inset: enlarged view of the plot for 5-MCF.  
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Supplementary Figure 7. Electrochemical performance of 20-bilayered metallic cotton 

fiber. a, Cyclic voltammograms, b, cathodic performance curves, and c, normalized areal 

cathodic current density levels in ambient condition and O2 conditions. The normalized current 

density levels (−10.0 mA cm−2 under ambient condition, and −20.7 mA cm−2 under O2 

condition) were obtained by subtracting the areal cathodic current density level measured at a 

specific potential of −0.6 V in oxygen-free condition (−7.1 mA cm−2) from the areal cathodic 

current density level (−17.1 mA cm−2 and −27.9 mA cm−2, respectively) measured at the same 

potential in ambient or oxygen-rich condition. d, Nyquist plots of 20-MCF in PBS buffer 

solution under N2, ambient, and O2 conditions. The ESR was 43, 33, and 29 Ω for N2, ambient, 

and O2 conditions, respectively. 
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Supplementary Figure 8. Electrochemical performance of the metallic cotton fiber and 

Au wires. a, Cyclic voltammograms and b, cathodic areal current density curves of 20-MCF 

and nonporous Au wires with a diameter of 200 m. c, Field emission-scanning electron 

microscopy (FE-SEM) images of nonporous Au wires (scale bar, 500 nm and 200 nm (inset)). 
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Supplementary Figure 9. UV-vis spectroscopy. UV-vis spectrum of GOx solution with a 

prominent absorption peak at 277 nm associated with the oxidized flavin cofactor in GOx3. 
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Supplementary Figure 10. Quartz crystal microbalance analysis. Frequency and mass 

changes of (anionic GOx/cationic TREN)m multilayers as a function of the number of bilayers 

(m) using QCM analysis. The concentrations of GOx and TREN in the aqueous PBS solution 

were adjusted to 5 and 1 mg ml−1, respectively. Here, ∆𝐹 and ∆𝑀 indicate the frequency 

change and the mass change of the QCM electrode, respectively. 
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Supplementary Figure 11. Cross-sectional FE-SEM images for film thickness of a, 

(GOx/TREN)20 and b, (GOx/TREN)30 multilayers deposited onto the Au-coated Si wafer (scale 

bar, 200 nm and 50 nm (inset)). 

. 
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Supplementary Figure 12. CVs of the anode. Cyclic voltammograms of the m-GOx/20-MCF 

anode with increasing number of (GOx/TREN) bilayers (m). All the measurements were 

performed at a scan rate of 5 mV s−1 in PBS under ambient conditions.  
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Supplementary Figure 13. Stability of anodic current density (%) for (GOx/TREN)30/20-

MCF anode electrode. 
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Supplementary Figure 14. Nyquist plots of the (GOx/TREN)20 multilayers coated onto MCF 

(red solid circle) and nonporous plate substrate (i.e., Au-coated Si wafer substrate, blue solid 

square). In this case, ESR values of each electrode were measured to be ~38.6  for 20-

GOx/MCF and ~62.6  for 20-GOx/Au-coated Si wafer electrodes, respectively. 
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Supplementary Figure 15. Outermost layer-dependent interfacial electron transfer kinetics 

(tested on the Au-coated Si wafer substrate). a, Nyquist plots of (GOx/TREN)m multilayers as 

a function of bilayer number (m). b, Representative schematics of (GOx/TREN)m multilayers 

having different surface charge as a function of outermost layer. c, Specific data sheet of 

(GOx/TREN)m multilayers. 
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Supplementary Figure 16. Electrochemical performance of the anode. a, Cyclic 

voltammograms and b, anodic current density curves of the (30-GOx/20-MCF) anode as a 

function of glucose concentration. Inset: Normalized anodic current density levels of the (30-

GOx/20-MCF) anode measured at +0.6 V as a function of glucose concentration. c, The 

normalized areal anodic current densities at +0.6 V. For example, the normalized current 

density of 39.9 mA cm−2 in a 300 mmol L−1 glucose solution was obtained by subtracting the 

current density of 10.2 mA cm−2 at +0.6 V in glucose-free phosphate-buffered saline (PBS)  
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from the measured current density level (50.1 mA cm−2) at the same potential in a 300 mmol 

L−1 glucose. d, The plot of the normalized anodic current density levels at low glucose 

concentration (0 – 30 mmol L−1). e, Nyquist plots of the (30-GOx/20-MCF) anode as a function 

of glucose concentration. The equivalent series resistance (ESR) values of the 30-GOx/20-

MCF anode measured at 1 kHz decreased from 52 to 40 Ω if the glucose concentration was 

increased from 0 to 300 mmol L−1. All the measurements were performed at a scan rate of 5 

mV s−1 in a PBS under ambient conditions. 
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Supplementary Figure 17. Electrooxidation effect of bare MCF (i.e., GOx-free 20-MCF) 

for GOx. a, Anodic current density of GOx-free 20-MCF at the different glucose concentration 

of 10, 50, 100, 200, and 300 mmol L−1, respectively. Inset indicates the normalized current 

density (in mA cm−2) as a function of glucose concentration recorded at a potential of +0.6 V. 

b, Comparison of electrooxidation activities of GOx-free 20-MCF and 30-GOx/20-MCF anode 

electrodes at different glucose concentration. The electrochemical test was performed at a scan 

rate of 5 mV s−1 in a PBS (pH 7.4) under ambient condition. The normalized current density is 

obtained by subtracting the current density at +0.6 V measured in PBS without glucose. In this 

case, the oxidation of Au NPs loaded on the 20-MCF (~22%) was observed for GOx-free anode 

electrode. 
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Supplementary Figure 18. Electrochemical performance of flat substrate-based anodes. 

a, Anodic current density curves. b, The normalized current density levels of cotton substrate- 

and Si wafer-based anodes measured at +0.6 V as a function of m. All the measurements were 

performed at a scan rate of 5 mV s−1 in a PBS containing 300 mmol L−1 glucose under ambient 

conditions. Here, the normalized anodic current density performance is ~0.01 mA cm−2 for the 

Si wafer substrate at 300 mmol−1 glucose, compared to the value of the cotton substrate, ~33.6 

mA cm−2 (m = 20). 
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Supplementary Figure 19. Surface morphology comparison. The tilted SEM images of a, 

(TOA-Au NP/TREN)20 (scale bar, 200 nm and 100 nm (insets)) and b, (TOA-Au NP/PEI)20 

multilayer-coated Si wafer. The insets of (a) and (b) show the planar (left side) and cross-

section (right side) images (Scale bar, 200 nm and 100 nm (insets)). 
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Supplementary Figure 20. Electrooxidation performance of (TOA-Au NP/PEI)20-based 

MCF anode electrode. a, Anodic current density of (GOx/TREN)30(TOA-Au NP/PEI)20 

electrode as a function of glucose concentration from 0 to 300 mmol L−1. b, Comparison of the 

normalized current densities of (GOx/TREN)30(TOA-Au NP/PEI)20 and (GOx/TREN)30(TOA-

Au NP/PEI)20 anode electrodes with different glucose concentration recorded at +0.6 V. 

Electrochemical test was conducted at a scan rate of 5 mV s−1 in a PBS (pH 7.4) under ambient 

condition. Here, the normalized anodic current density performance based on the highly-

conductive (GOx/TREN)30/(TOA-Au NP/TREN)20 is ~1,600 folds higher than that of the less-

conductive (GOx/TREN)30/(TOA-Au NP/PEI)20 electrode at 300 mmol L−1 glucose. 
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Supplementary Figure 21. Electrochemical response of the GOx-immobilized MCF anode 

electrode. a, Scan rate (ν)-dependent CVs of the anodic electrode, 30-GOx/20-MCF, in 300 

mmol L−1 glucose buffer condition. Scan rates (from inner to outer of CV curves) were defined 

as 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, and 1.0 V s−1. b, The plot of peak currents 

of 30-GOx/20-MCF with increasing the scan rate from 0.005 to 1 V s−1. c, The plot of potential 

(E−E0’) versus log (ν).  
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Supplementary Figure 22. Surface morphologies of the anode. FE-SEM images of the (30-

GOx/20-MCF) anodes incorporating a, b (scale bar, 100 μm and 200 nm, respectively), PEI 

[(GOx/PEI)30 on 20-MCF] and c, d, TREN linkers [(GOx/TREN)30 on 20-MCF] (scale bar, 

100 μm and 200 nm, respectively). 
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Supplementary Figure 23. Quartz crystal microbalance analysis of the GOx/PEI 

multilayers. Frequency (F) and mass changes (M) of (GOx/PEI)m as a function of the 

number of bilayers (m).  
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Supplementary Figure 24. CVs of linker type-dependent anodes. CV curves of (GOx/PEI)30 

and (GOx/TREN)30 on 20-MCF in the absence or presence of glucose (300 mmol L−1) in PBS 

under ambient conditions. 
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Supplementary Figure 25. Warburg impedance coefficient plot. Plots of Z’(Ω) versus ω−0.5 

(s−0.5) for (GOx/PEI)30 and (GOx/TREN)30 on 20-MCF. 
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Supplementary Figure 26. Performance of the metallic cotton fiber-biofuel cells. a, 

Schematic diagram showing the complete membraneless hybrid MCF-BFC. One end of each 

BFC electrode was fixed by epoxy on the glass substrate for avoiding electrical shortage during 

the continuous operation. b, Power output of the complete BFC with an external resistor (1 kΩ 

~ 10 MΩ) consisting of the 30-GOx/20-MCF anode and 20-MCF cathode as a function of 

voltage. c, Relative voltage retention (OCV/OCV0) of the complete MCF-BFC, which is 

measured under open-circuit system. d, Relative power retention (P/P0) of the complete MCF-

BFC in 10 mmol l−1 glucose buffer during 35 days. In this case, the power output changes of 

MCF-BFCs with external resistors were continuously measured as a function of time. The error 

bars show the standard deviation from the mean value of power densities for three to five 

independent experiments (b, c, d). 
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Supplementary Figure 27. Physical and electrical properties of n-MCFs. a, TOA-Au 

NP/TREN loading density and b, resistivity and electrical conductivity of n-MCFs as a function 

of the number of bilayers (n), up to n = 120. The mass percentage of the Au NPs within the 

TOA-Au NP/TREN multilayer was measured to be ~98%. This was obtained through heat 

treatment (at 150 °C in air) of the TOA-Au NP/TREN multilayer-deposited QCM electrode to 

eliminate the organic components. 
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Supplementary Figure 28. CVs of the metallic cotton fiber cathodes. a, CV curves of the 

n-MCF cathodes with increasing number of bilayers (n) from 20 to 120. b, The measured areal 

cathodic current density levels of the n-MCF cathodes measured at −0.6 V. c, d, The normalized 

current density levels at −0.6 V from 20-MCF to 120-MCF. All the measurements were 

performed at a scan rate of 5 mV s−1 in a PBS under ambient conditions. 
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Supplementary Figure 29. Characteristics of the MCF-BFCs by measuring the current 

output through external resistors (in the range of 1 kΩ ~ 10 MΩ) to control cell potential. 

a, The power (P) – current (I) profiles of the hybrid BFC. b, The V–I profiles of the n-MCF 

hybrid BFC as a function of n. All the measurements were performed in PBS containing 

glucose (300 mmol L−1) under ambient conditions at 37 °C. All error bars show the standard 

deviation from the mean value of power densities for three to five independent experiments. 
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Supplementary Table 1. Power performance and stability of various BFCs. Power density and operational stability of various BFCs reported 

to date. 

Host electrode 
Catalystsb) 

Anode/Cathode 

Fuel 

Anode/Cathode 
Operation condition 

Pmax 

(mW cm−2) 

OCV  

(V) 
Ref. 

MCFa)  GOx/Au NP Glucose/O2 PBS (pH 7.4) at 37º C, ambient 3.7 ~0.9 
Our 

work 

CNT fiber GOx/BOD Glucose/O2 PBS (pH 7.0) at 37 ºC, air 0.74 0.83 4 

CNT yarn GOx/BOD Glucose/O2 PBS (pH 7.2) at 37 ºC, O2 2.18 0.7 5 

CNT film  GOx/Ptbulk
c) Glucose/O2 PBS (pH 7.4), air  1.34 ~0.8 6 

Compressed CNTs GOx-Cat/Lac Glucose/O2 PBS (pH 7.0) 1.25 0.95 7 

3D Au NP (on carbon paper) FDH/BOD Fructose/O2 0.1 M acetate buffer (pH 6.0) at 25 ºC, O2 0.87 ~0.7 8 

SWNT (on glassy carbon)  GDH/Lac Glucose/O2 PBS (pH 6) at 20 ºC, ambient  0.0095 0.8 9 

Graphene/Au NP Hybrid (on Au 

substrate) 
FDH/Lac Formic acid/O2 PBS (pH 6.0)  1.96 0.95 10 

Nafion/poly(vinyl pyrolidone) 

compound nanowire (on Au 

electrode) 

GOx/Lac Glucose/O2 PBS (pH 7.0) 0.03 0.23 11 

Catecholamine polymers (on Au 

disk) 
GOx/Carbon rod Glucose/O2 PBS (pH 7.0)/ KMnO4 + H2SO4 1.62 1.09 12 

Au NP/PANI (polyaniline) network 

(on glassy carbon)  
GOx/Lac Glucose/O2 PBS (pH 7.4) at 20 ºC 0.685 0.76 13 

Enzyme cluster composite (on 

carbon paper) 
GOx/Ptbulk

c) Glucose/O2 1.0 M PBS (pH 7.4) 1.62 ~0.8 14 

Compressed MWNTd) /enzyme 

composite 
GOx/Lac Glucose/O2 In the abdominal cavity of a rat 0.193 0.57 15 

Graphene and SWNTd) cogel GOx/BOD Glucose/O2 
Air-saturated sodium phosphate buffer 

(0.1 M, pH 7.0) with 100 mM glucose 
0.19 0.61 16 
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CS/CNC film (on glassy carbon)  GOx/Pt sheet Glucose/O2 
Air-saturated PBS (pH 7.2) containing 10 

mM glucose 
0.06 0.59 17 

Carbon fiber sheets with membrane 

film using ANQe) 
GDH/BOD Glucose/O2 Sodium phosphate buffer (1 M, pH 7) 3.0 0.5 18 

(GOx or Lac)/PEI/CNT composite 

consisting of GAf) 
GOx/Lac Glucose/O2 PBS (pH 3), O2 0.102 ~0.43 19 

a) MCF: metallic cotton fiber 
b) The abbreviations for different enzymes: glucose oxidase (GOx), laccase (Lac), bilirubin oxidase (BOD), fructose dehydrogenase (FDH), glucose 

dehydrogenase (GDH), and catalase (Cat). 
c) Ptbulk: Commercial Pt bulk electrode 
d) MWNT: multi-walled carbon nanotube, SWNT: single-walled carbon nanotube, CS/CNC: chitosan/carbon nanochips 
e) 2-amino-1,4-naphthoquinone (ANQ) as an electron mediator 
f) PEI: poly(ethyleneimine), GA: glutaraldehyde
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